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Abstract 
Although it is known that single-stranded DNA binding proteins (SSB) can 
stimulate helicase activity, the mechanism by which this occurs may be more complex 
than sequestering ssDNA products of duplex separation.  Here, we present a single-
molecule helicase assay with base-pair sensitivity, which utilizes high-resolution optical 
tweezers combined with microfluidics and fluorescence microscopy to decipher how 
FacXPD helicase is modulated by FacRPA2.  FacXPD is the archaeal homolog of yeast 
Rad3 and human xeroderma pigmentosum group D protein (XPD) helicase from the 
organism Ferroplasma acidarmanus.  This enzyme serves as a model for understanding 
the molecular mechanism of human Superfamily 2B helicase XPD involved in 
transcription initiation and nucleotide excision repair and related helicases FANCJ, 
RTEL and CHLR1 involved in maintenance of the genomic integrity.  First, we examined 
DNA unwinding by XPD helicase in isolation to understand the basic physicochemical 
process of DNA base pair (bp) separation.  We demonstrated that monomeric XPD 
unwinds duplex DNA in single base-pair steps, yet is non-processive, unwinding for short 
distances (~12 bp) and displaying a strong dependence on DNA sequence.  Second, we 
investigated how RPA2 by itself interacts with DNA.  We show that RPA2 can unwind 
duplex DNA in steps of ~5-8 bp in the presence of an assisting force of 12 pN.  Finally, 
we examined the effect of RPA2 on XPD activity.  Using our microfluidic platform, we 
performed the experiments in which XPD and RPA2 were sequentially assembled on a 
DNA substrate in a controlled order.  RPA2 molecules increase XPD processivity, so we 
propose two scenarios: either RPA2 forms a complex with XPD, or it alters its interaction 
with DNA upon binding, activating it for processive unwinding.  We discuss the 
biological implications of our findings.  
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Chapter 1 
Introduction 
 
 
I feel very excited to start my Ph.D. thesis now.  This thesis will be an epitome of 
my six years’ research life at University of Illinois at Champaign-Urbana.  I believe that 
my academic training and my six years of experience working with single-molecule 
optical tweezers have prepared me to be an effective researcher.  For my research project, 
I developed a single-molecule helicase assay with base-pair sensitivity using high-
resolution optical tweezers.  The assay detects unwinding of a DNA hairpin.  I designed a 
modular hairpin substrate to control the sequence and the length of a helicase loading site 
located at the stem of the hairpin.  I also incorporated a custom laminar microfluidic flow 
chamber into our optical trap, to ensure that a single helicase could be loaded onto the 
hairpin.  With this assay unwinding activity can be monitored with base pair sensitivity.  I 
have applied this assay to Superfamily 2 helicase FacXPD1-4.  This protein has been well-
characterized biochemically and structurally by our collaborators Professor Maria Spies’ 
group (Biochemistry, UIUC).  Our aim is to decipher the mechanism by which XPD 
helicase unwinds DNA and how its activity is modulated by other proteins, such as 
replication protein A (RPA)1-4.  Our results on the first component are being prepared for 
submission.   
The whole thesis will report all my experiments in detail.  The first part (Chapter 
2) will focus on a single XPD helicase behavior, and we will show beautiful 1-bp step 
size unwinding traces and a discussion of passive and active mechanism.  The second 
part (Chapter 3) will distinguish multiple XPDs unwinding activity from a single XPD.  
We will demonstrate the processive activity from multiple XPDs unwinding.  The third 
part (Chapter 4) will focus on one of the accessory proteins, single-stranded DNA 
binding protein RPA2.  This is a control experiment for Chapter 5, which will discuss 
how RPA2 regulates XPD helicase.  Three appendixes (Appendix A, B, and C) will 
focus on the DNA hairpin construct and all of the protocols and data analysis methods 
that are used in this thesis. 
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In the first chapter, I start by highlighting the importance of forces in biology 
(Chapter 1.1).  Next I will give a short introduction of non-hexameric helicases 
(Chapter 1.2).  The last part will be a short summary of helicase studies by single 
molecule methods (Chapter1.3). 
 
 
1.1  Biological Force5 
 Biological forces are crucial for a living cell.  Where do biological forces come 
from inside a living cell?  Carlos Bustamante, who is a famous biophysicist and HHMI 
investigator at the University of California at Berkeley, said: “The cell is not just a little 
bag of concentrated reactants.  The cell resembles a factory.  There are different centers, 
and each specialized in certain functions.  Those centers are primarily made up of 
protein machines.  And those machines work as motors that produce torque and 
movement and force5.”  Two of the most important molecular motors are: (i) Cytoskeletal 
molecular motors6, such as myosin, kinesin, and dynein. These motors can hydrolyze 
ATP to obtain energy to transport cargos on actin or microtubule6; (ii) Nucleic acid 
motors7, such as DNA/RNA polyermase18,19, helicase (Chapter 1.2), and viral DNA 
packaging motors8-13.  To understand how molecular motors produce force, two examples 
are discussed here: (1) Myosin II power stroke; (2) Viral DNA packaging motor. 
The first example is myosin’s power stroke6,14 (Table 1.1 & Figure 1.1A).  
Figure 1.1A6 shows myosin II power stroke.  When one ATP molecule binds to the 
nucleotide-binding site of a motor head, the motor will dissociate from actin (Figure 
1.1A5).  Once the ATP hydrolysis occurs, the head starts to contact actin (Figure 1.1A1 
& 2).  ATP hydrolysis results in two products, ADP and Pi (inorganic phosphate).  Next 
there are two movements related with a lever-arm rotation.  The first lever-arm rotation is 
with Pi releasing (Figure 1.1A3).  The second lever-arm rotation is because of ADP 
releasing (Figure 1.1A4).  During these two movements, Myosin II produces a 
mechanical force on actin.  This force is very important for processes such as cytokinesis, 
motility, and polarity15. 
The second example is the viral DNA packaging motor8-13 (Figure 1.1B).  Viral 
DNA packaging motors can package DNA genome into a procapsid shell of 
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bacteriophages and viruses by ATP hydrolysis.  Normally this is very difficult process.  
For example, packaging a DNA genome with 40,000-50,000 base pairs (bps) into a 60-
nm diameter procapsid shell will bend some DNA very tightly13.  The serious DNA 
bending by packaging will induce the procapsid shell to exert a compression force, 
named as “internal force”, which impedes the packaging process.  In Figure 1.1B, the 
estimated internal force is plotted with the percentage of genome packaged.  Researchers 
observe that the internal force increases dramatically after 50% of DNA genome is 
packaged, so studying this internal force is very important to understand the viral 
packaging process. 
These two examples indicate that biological forces produced by different 
molecular motors are very important.  If we can measure and control these biological 
forces inside the cell, we can understand the cell better.  Fortunately, we already have 
many different kinds of force spectroscopy to solve these problems (Table 1.1), like 
optical tweezers (Chapter 1.3.3), magnetic tweezers (Chapter 1.3.2), and atomic force 
microscopy.  These biophysics methods open a door of a cell factory for scientists from 
biology and physics to enter and learn the mystery inside. 
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1.2  Non-hexameric Helicases 
Helicases are one kind of enzyme that are involved in almost all living cells and 
viruses16.  The basic function of helicases16-18 is to utilize nucleoside triphosphate (NTPs, 
especially ATPs) hydrolysis to translocate along single-stranded nucleic acids (NA) and 
separate the base pairs (bp) of the duplex.  Numerous different kinds of cancers come 
from malfunctions of helicases.  To cure these cancers finally, the first and required step 
is to understand the unwinding mechanism of helicases.  My thesis focuses on this first 
step.  Helicases can be classified simply as hexameric helicases and non-hexameric 
helicases.  The following section will introduce and summarize some important aspects 
of the non-hexameric helicases. 
 
 
1.2.1   Structures and Families of Non-hexameric Helicases 
 Gorbalenya and Koonin, Wigley, and other scientists used sequence, structural, 
and functional analyses to classify helicases into six superfamilies (SFs)18-20.  The 
helicases in SF3 – 6 have a ring structure in which six monomers interact with each other 
to form a hexameric ring.  However, the helicases in SF1 and 2 cannot form a ring 
structure.  So SF3 – 6 are called “hexameric” helicases and SF1 and 2 are “non-
hexameric” helicases.  In this thesis, we focus on the non-hexameric helicases. 
 SF1 and 2 have a similar conserved helicase core that is a catalytic NTP binding 
domain.  The helicase core includes two similar RecA domains, and the helicase core is 
called the “RecA Fold”16,20.  The RecA fold has many characteristic sequence motifs 
(Figure 1.2A).  The work done by Fairman-Williams et al.16 used the phylogenetic 
analysis to align the RecA fold sequences of all SF1 and 2 from human to virus (Figure 
1.2B).  The results show that SF1 has 3 families and SF2 has 9 families and 1 group.  One 
of 9 SF2 families, Rad3/XPD, contains the XPD helicase that is the central topic of my 
thesis. 
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1.2.2   Directionality of Non-hexameric Helicases 
 SF1 and 2 helicases can only unwind dsDNA in a uniform direction, either 5’→3’, 
or 3’→5’.  A nomenclature18 is used “B” to represent 5’→3’, and “A” for 3’→5’.  For 
example, since SF2 XPD helicase unwinds dsDNA from 5’→3’, it belongs to SF2B. 
 
 
1.2.3   Processivity and Rate 
 When a helicase binds on a fork junction, it will start unwinding the dsDNA 
substrates.  The total number of base pairs unwound by this helicase before dissociation 
from the dsDNA substrates is defined as processivity17,18.  If we call a helicase as a 
“processive helicase”, it means this helicase can unwind a large amount of base pairs 
during one enzyme-binding event.  The processivity of a single helicase can be regulated 
by different mechanisms (Chapter 1.2.7).   
Rate describes how fast a helicase moves on DNA substrates.  There are two 
different kinds of rates in this thesis: (i) Unwinding rate (bp/s), describing how fast a 
helicase separates base pairs; (ii) Translocating rate (nt/s), describing how fast a helicase 
moves on ssDNA. 
In Chapter 2 (Figure 2.5E), we prove that a single XPD helicase is a non-
processive helicase, and it can only unwind ~ 12-bp dsDNA (13%) of a DNA hairpin (89-
bp) (Appendix A).  However, with the help of another XPD molecule or maybe several 
XPD molecules, all 89 base pairs (100%) of the DNA hairpin can be unwound easily 
(Chapter 3 & Figure 3.3B).  In Chapter 5, with the help of RPA2 molecules, the 
processivity of a single XPD helicase increases dramatically (Figure 5.2D & 5.4C).  
However, the unwinding rates in these three different cases stay the same (Figure 3.5C 
& 5.3C). 
 
 
1.2.4   Mechanical Step Size of Non-hexameric Helicases 
A mechanical step size of a non-hexameric helicase is defined as the number of 
base pairs (bps) of the helicase translocation during one nucleoside triphosphate molecule 
hydrolysis17,18,21.  Step size information is one of the most important parameters to 
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distinguish a passive helicase mechanism from an active helicase mechanism22-24 
(Chapter 1.2.6).  Single-molecule FRET25 (Chapter 1.3.1) and optical tweezers26-28 
(Chapter 1.3.3) can be used to measure this mechanical step size (Figure 1.3).  Figure 
1.3A shows a RNA unwinding SF2 helicase hepatitis C virus (HCV) nonstructural 
protein 3 (NS3) had a ~ 11-bp step size in which each step included several ~ 3-bp sub-
steps26,28.  Figure 1.3B shows the same SF2 helicase HCV NS3 had a ~ 3-bp step size in 
which each step included three 1-bp sub-steps25.  Figure 1.3C shows the same SF2 
helicase HCV NS3 moved a single base pair by consuming one ATP molecule27.  
Compared with the definition of mechanical step size, the 11-bp step size and 3-bp sub-
step in Dumont et al.26 or the 3-bp step size in Myong et al.25 are not the mechanical step 
sizes because all step sizes need to consume more than one nucleoside triphosphate 
molecule.  However, the 1-bp sub-step in Myong et al.25 and 1-bp step size in Cheng et 
al.27 are the mechanical step sizes.  Figure 1.3D proves the mechanical step size of a 
single xeroderma pigmentosum group D protein (XPD) helicase is 1-bp (my unpublished 
data).  Lohman17 thinks the reason why there are different step size measurements for the 
same HCV NS3 helicase is because the experimental condition could not distinguish 
different oligomeric forms (Chapter 1.2.7) of NS3.  Different oligomeric states, like 
monomer, dimers, and oligomers, could have different step sizes29. 
 
 
1.2.5   Strand Switching and Slippage 
 Ensemble studies prove that helicases unwind dsDNA from 5’→3’, or from 
3’→5’.  However, single-molecule studies find another two strange but interesting 
behaviors of helicases: “strand switching”30,31 and “slippage”32.  Both of the behaviors 
definitely can be used to regulate the unwinding activity of helicases in a living cell.  Or 
they perhaps suggest some other interesting biological processes. 
A “strand switching” model was first proposed by Vincent Croquette’s lab30 to 
explain DNA reannealing traces by SF1 UvrD helicase (Figure 1.4A).  This behavior 
was also found in SF2 BLM helicase31 (the gene defective in Bloom syndrome).  To 
explain this “strand switching” model, let us name the two strands of a dsDNA as strand 
A and B.  At the beginning, a helicase binds on strand A and unwinds dsDNA from 
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5’→3’.  Then this helicase jumps and binds on strand B.  This is so-called “strand 
switching”.  After the strand switching, this helicase can only translocate on strand B 
from 5’→3’, allowing dsDNA to reanneal behind it.  This is how to explain the 
unwinding and reannealing traces in Figure 1.4A. 
 Slippage was first found by Michelle Wang’s lab32 to explain the remarkable 
sawtooth pattern of the hexameric T7 helicase (Figure 1.4B).  My data of the non-
hexameric SF2B XPD helicase also shows slippage behavior with a -1-bp step size 
(Figure 1.4C).  Slippage means the helicase can move backward on the same DNA 
strand without switching strand.  My work is the first direct measurement, to our 
knowledge, of the helicase backward movement rate (kR) from helicase slippage 
(Chapter 2).  The backward movement rate is also one of the most important parameters 
to distinguish a passive mechanism and an active helicase mechanism22-24 (Chapter 
1.2.6).   
 
 
1.2.6   Passive and Active Mechanism23 
 To explain how a helicase separates DNA base pairs with ATP hydrolysis, 
Betterton and Jülicher23 proposed a passive/active mechanism22 (Chapter 2 & Figure 
1.5A).  In short, if a helicase can voluntarily interact with dsDNA to destabilize the fork 
junction, and then unwind dsDNA, this helicase is an active helicase.  On the other hand, 
if a helicase cannot interact with the fork junction, it will remain in the inactive state until 
thermal fraying of the strands at the fork and then translocate forward.  This helicase is a 
passive helicase.  To control the helicase unwinding activity, an activation energy ΔGtot is 
defined: 
ΔGtot = ΣΔGbp – ΔGf – ΔGint      (1) 
Where ΔGbp represents the free energy of each base pair formation.  ΔGGC ~ 2.9 kBT and 
ΔGAT ~ 1.5 kBT22.  This first term can increase the total activation energy barrier.  The 
second term, ΔGf, represents the influence of external unzipping force.  This second term 
will decrease the total activation energy barrier.  The third term, ΔGint, describes the 
helicase and fork junction interactions.  This third term will also decrease the total 
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activation energy barrier.  If ΔGint = 0, ΔGtot >> kBT, the mechanism is passive (Figure 
1.5 A(a))  If ΔGint ~ kBT, ΔGtot << kBT, the mechanism is active (Figure 1.5 A(b))22.   
 In the Betterton and Jülicher model, many parameters are defined22 (Figure 1.5B).  
All of these parameters will be discussed in detail in Chapter 2.  Here I highlight two of 
them, helicase step size n and the backward translocation rate k–.  Both of the parameters 
cannot be measured by low-resolution single-molecule methods, and so have to be 
guessed for the Betterton and Jülicher model.  For example, in the work done by Johnson 
et al.33, step size n was guessed as 2-bp and the backward translocation rate k– was 
guessed as 0.  However, the work done by Manosas et al.22 indicates that both parameters 
are very sensitive, and hence two opposite mechanisms35,45 were proposed for similar 
helicase unwinding activity.  With our high-resolution optical tweezers, helicase step size 
and the backward translocation rate can be measured accurately.  Using the Betterton and 
Jülicher model23 with our high-resolution data can determine the passive/active 
mechanism accurately. 
 
 
1.2.7   Non-hexameric Helicase Regulation 
 The topic of non-hexameric helicase regulations, which are crucial for a living 
cell to schedule all biological processes involved with helicases, is wide and 
complicated17.  This dissertation will only discuss one kind of non-hexameric helicase 
regulations, “processivity regulation”, in which single helicase activity, especially 
processivity (Chapter 1.2.3), can be controlled.  Three regulation mechanisms (Figure 
1.6) are involved in processivity regulation: oligomeric state control (Chapter 3), 
removal of autoinhibitory domain, and “interaction” with an accessory protein (Chapter 
5).  The double quotation mark suggests this regulation mechanism is complicated, and 
be discussed in Chapter 5. 
 The first regulation mechanism is oligomeric state control.  When SF2 HCV NS3 
helicase is studied29,34,35, scientists find that a single NS3 helicase is a non-processive 
helicase.  However, multiple NS3 helicases can processively unwind dsDNA.  Although 
processivity increases dramatically, the unwinding rates stay the same.  I also find SF2B 
XPD helicase (Chapter 3) shows the exact same behavior.  Single XPD helicase only 
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unwinds ~ 12-bp of 89-bp DNA hairpin, but multiple XPD molecules easily unwind all 
89-bp DNA hairpin.  The unwinding rates stay same.  It is clear that the first helicase can 
be regulated by a second identical molecule or more molecules.  We name this behavior 
as helicase self-assembly (Figure 1.6A), which can increase helicase processivity.  Two 
scenarios are proposed to describe the helicase self-assembly: (i) Dimeric inchworm 
model36,37, which means helicase can form a dimer, as proposed for UvrD helicase36 and 
Rep helicase37;  (ii) Cooperative inchworm model38, which helicase monomers can work 
cooperatively without forming a dimer, as proposed for T4 phage Dda helicase39. 
The second regulation mechanism is removal of autoinhibitory domain17 (Figure 
1.6B).  Some helicase subdomain can increase helicase activity40. However, some 
helicase subdomains, like Rep 2B domain41, block single helicase activity.  The single 
helicase activity increases rapidly once this Rep 2B domain is removed.  This mechanism 
is still controversial. 
The third regulation mechanism is “interaction” with an accessory protein (Figure 
1.6C & Chapter 5).  The accessory proteins of SF1 & 2 helicases have been summarized 
in Table 1 of Lohman et al.17.  We only discuss one kind of accessory proteins, bacterial 
single-stranded DNA binding protein (SSB) or archaeal/eukaryotic replication protein A 
(RPA) (Chapter 4) in this dissertation.  Three scenarios are proposed for this regulation: 
(i) SSBs sequester ssDNA to prevent helicase slippage (Chapter 1.2.5).  This scenario is 
straightforward, but needs to be proved.  The helicase-SSB interaction is not 
indispensable in this scenario; (ii) Helicase forms protein-protein interaction with SSB.  
This interaction blocks helicase dissociation from the DNA substrates.  This scenario has 
been proven by the experiments of the SF2 E. coli RecQ helicase.  The helicase activity is 
stimulated by a real helicase – accessory protein interaction in which RecQ physically 
interacts with nine C-terminal residues of E. coli SSB42,43; (iii) SSB stimulates helicase 
without helicase-SSB interaction.  In the presence of SSBs or RPAs, the geometry of the 
fork junction is changed.  This different structure of the fork junction may increase 
helicase binding affinity, and then helicase processivity.  Two different helicases studies 
suggest this scenario.  The processivity of a single SF2 HCV NS3 helicase increases in 
the presence of E. coli SSB44 without protein-protein interaction between NS3 and SSB.  
Another example is my data.  The processivity of a single SF2B XPD helicase increases 
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in the presence of RPA2 (Chapter 5).  No protein-protein interaction between XPD and 
RPA2 is observed in a bulk experiment3.  I am studying this interesting unknown 
mechanism, and some preliminary data will be shown in Chapter 5. 
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1.3  Helicase Studies by Single-Molecule Methods21 
Single-molecule techniques can monitor phenomena that are impossible to 
observe in bulk experiments45-47.  Methods such as single-molecule fluorescence 
resonance energy transfer (smFRET)30,31, magnetic tweezers48,49, and optical tweezers32,33 
have proven to be some of the most powerful methods25,37 to study the dynamic behavior 
of protein-DNA interactions24,26, especially for nanometer and angstrom scale movements 
of the protein motors.  For example, smFRET has been used to monitor duplex 
unwinding of helicases25.  The work done by Myong et al.25 observed the unwinding 
behaviors of the hepatitis C virus (HCV) and nonstructural protein 3 (NS3) helicases by 
smFRET.  Magnetic tweezers and optical tweezers can be also used to study helicase 
unwinding, especially for force dependent unwinding48-51.  This following section will 
focus on four single-molecule methods for helicase studies: smFRET (Chapter 1.2.1), 
magnetic tweezers (Chapter 1.2.2), optical tweezers (Chapter 1.2.3), and “fleezers” 
(Chapter 1.2.4).  Some important biological applications of single-molecule force 
spectroscopy, such as optical tweezers and magnetic tweezers, are listed in Table 1.1. 
 
 
1.3.1   Single-Molecule Fluorescence Resonance Energy Transfer (smFRET) 
 Single-molecule fluorescence resonance energy transfer (smFRET)52 has become 
one of the mainstream techniques to monitor the conformation change of single protein in 
the nanometer range (Figure 1.7).  The work done by Myong et al.25 is a good example 
to explain how smFRET works for helicase studies.  In their study, a partial duplex 
construct (a construct consisting of a short dsDNA with ssDNA tail) was prepared for the 
helicase unwinding experiments.  An ssDNA tail was used for a helicase initial binding.  
In Figure 1.7B, the partial duplex construct was an 18-bp dsDNA with a 3’ 20-nt ssDNA 
tail.  A donor (Cy3, a green sphere in Figure 1.7B) and an acceptor (Cy5, a red sphere in 
Figure 1.7B) were labeled at the dsDNA-ssDNA junction.  When a NS3 helicase binds to 
the ssDNA tail and starts to unwind the 18-bp dsDNA, the distance between the donor 
and acceptor will increase.  Förster (or Fluorescence) Resonance Energy Transfer (FRET) 
(Figure 1.7A) uses a non-radiative energy transfer from an excited state of the donor to 
the neighboring acceptor53-55.  How much energy is transferred, which is defined as 
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FRET efficiency E, depends on the distance R between the donor and acceptor (Figure 
1.7A).  From Figure 1.7A, the average working regime for FRET is around 5 nm.  
Distances from 3 to 8 nm can be measured accurately during a normal FRET experiment.  
The increasing distance between the donor and acceptor change the FRET efficiency E 
from a high FRET value to a low value (Figure 1.7C & D).  In Figure 1.7D, the time 
trace of the FRET efficiency E is rich with information of helicase unwinding activity.  
That is why smFRET can be used to study the helicase unwinding activity. 
 
 
1.3.2   Magnetic Tweezers 
 Magnetic tweezers is another powerful single-molecule method to study helicases.  
In one example48 (Figure 1.8A), one end of a DNA construct, such as DNA hairpin 
construct48, was connected on a glass surface, and the other end bound to a magnetic bead 
that could be trapped with a magnetic field.  The permanent magnets used in magnetic 
tweezers can exert a force between 10-3 – 102 pN on the magnetic bead56, and this force 
regime covers the most of biological forces in the cell.  When a helicase, like UvsW 
helicase48 in Figure 1.8B, is loaded into the working chamber and bound to a hairpin 
construct, it will unwind or anneal the hairpin stem.  Unwinding activity will increase the 
distance between the magnetic bead and the glass surface, and reannealing activity will 
decrease this distance.  The magnetic bead position can be acquired by recording its 
diffraction pattern with a CCD-camera, so the distance between the magnetic bead and 
the glass surface can be measured.  This distance, defined as the molecule’s extension 
(nm), represents how many base pairs are unwound.  The time trace of the molecule’s 
extension versus time can be used to study helicase unwinding and annealing activity 
under different force conditions. 
 
 
1.3.3   Optical Tweezers50,51,57 
The idea of optical tweezers (optical trap) was first introduced by Arthur Ashkin58 
in 1970.  After 43 years, optical tweezers has become one of the most powerful single-
molecule techniques to explore new exciting stories inside the unknown kingdom of a 
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cell.  To review quantitative optical tweezers briefly here, I follow the lectures of Yann 
Chemla’s lecture59 at UIUC and start by highlighting three essential elements: 
manipulation, measurement, and force.   
The first element is manipulation (Figure 1.9A).  A laser beam can be focused to 
a point by an objective lens.  When a µm size, dielectric particle enters into a region close 
to this focus, the directions of the photons in the laser beam that reach the surface of this 
dielectric particle will change because of reflection and refraction (this dielectric particle 
is a semitransparent object, nbead > nmedium).  The change of the photons’ direction also 
changes the momentum of the photons.  As we all know, the change of the momentum 
with the change of time will produce a force (F = ΔP/Δt = (Pf – Pi)/Δt).  By using this 
basic physics principle, we know a force is exerted on this dielectric particle51.  This 
force is very small, on the scale of a pico-Newton (pN).  However, this force is sufficient 
to manipulate micrometer-size dielectric particles to monitor the behavior of biological 
molecules because the order of the force matches biological force inside the cell.  The 
equipment producing this pN-level force by this principle is called “optical tweezers” or 
“optical trap”.   
The second element is measurement37,38,44,60,61 (Figure 1.9B).  Back-focal plane 
interferometry51,62 is used to determine the bead’s position in 3D.  When a bead is trapped 
by a laser, the laser beam will produce a scattering pattern of light behind the bead.  If 
there is no force, the bead will stay at the center of the trap.  The scattering pattern will 
remain the same.  Once force is applied, the bead will be pushed away from the trap 
center.  Figure 1.9B shows the bead moves a small distance on y and z directions.  In 
both cases, the scattering patterns change and can be used to determine the bead’s 
position by imaging it onto a position-sensitive photodetector (PSD) (Figure 1.9B).  The 
output voltage signals in 3D finally are converted to force and position in 3D with 
calibration. 
The third element is a force57 (Figure 1.9C).  A “traditional” optical trap uses a 
single trap to control a polystyrene bead connecting one end of a DNA/RNA substrate.  
Another end of this substrate is fixed on the surface of a cover glass in a sample 
chamber63, or is connected to another polystyrene bead attached to a micropipette on a 
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piezoelectric stage50,64.  A newer design60,61,65 is the so-called “dual-trap” that has the 
other end of the substrate connected to a trapped bead. 
The distance change between one trap and a cover glass, a micropipette or another 
trap (“end-to-end distance”, or “extension”) measures the dynamics of the tethered 
DNA/RNA substrates, and can be measured accurately by optical tweezers51.  One of the 
benefits is a pN-level force can be used to manipulate the DNA/RNA substrates.  This 
kind of accurate force measurement is very difficult or impossible for the most of the 
standard biochemistry bulk methods. 
A hairpin assay with optical tweezers was developed by Dumont et al.26 to 
observe helicase unwinding activities (Chapter 2.3.1).  The idea is to design a 
DNA/RNA hairpin substrate (Appendix A & Figure A.7B).  A typical property of 
hairpin construct is shown in a force extension curve (Figure A.7B).  When the force 
increases at the beginning, the extension will also increase.  When the force arrives at a 
specific value, it will remain the same for a while.  However, in the same time, the 
extension still increases.  This indicates under this specific force condition, which is 
named as a transition force, the hairpin stem can unzip automatically.  If a small constant 
force below than the transition force is exerted, the extension will remain the same.  If a 
helicase binds on this DNA hairpin and the buffer includes nucleoside triphosphates 
(NTPs), the helicase will start to unwind the hairpin stem.  This unwinding activity will 
increase the distance between two beads (Figure 2.4D).  The time trace of the extension 
change vs. time can be used to measure helicase step size and unwinding rate under 
different external forces and ATP concentrations.  All of these analyses can finally reveal 
the helicase mechanism (Chapter 2).   
For helicase step size measurement, it is very challenging for traditional optical 
tweezers to measure a single base pair (bp) step size, which is around 0.338 nm.  Can 
traditional optical tweezers reach an angstrom-level spatial resolution?  The answer 
should be yes theoretically because its spatial resolution is limited only by the stochastic 
Brownian motion of the trapped microsphere in the surrounding solvent61.  However in 
reality, it is difficult to achieve this resolution because of environmental and instrumental 
noise61.  Yann Chemla’s lab developed a dual-trap system, and its resolution can reach 
angstrom-level60,61 (Figure 1.10).  The basic principles are: (i) The dual trap design 
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reduces drift caused by environmental and instrumental noise61; (ii) The dynamic 
correlation between the motion of the two polystyrene beads can improve the spatial 
resolution: when the two polystyrene beads move “in phase” in the same direction in the 
buffer, the distance between the two polystyrene beads remains a constant.  However, 
when the two polystyrene beads move “out of phase ” in opposite directions, the distance 
between the two polystyrene beads will change.  As the distance between the two 
polystyrene beads is the signal detected by the optical traps, the in-phase noise is 
canceled.  In short, only the out-of-phase noise remains and environmental and 
instrumental noise is reduced.  In this way, dual traps can reach the Brownian noise limit, 
and its spatial resolution can reach an angstrom-level. 
 
 
1.3.4   A New Generation of Single-Molecule Methods, “Fleezers”66 
smFRET (Chapter 1.2.1) and optical tweezers (Chapter 1.2.3) are proven 
methods to provide crucial insights into the helicase mechanism.  The work done by 
Comstock et al.66 combined two techniques together, high-resolution dual optical 
tweezers61 and a confocal fluorescence microscope67, to create a new generation single-
molecule setups, “Fleezers”66,68-70 (Figure 1.11).  “Fleezers” means “Fluorescence” plus 
“Tweezers”.  Figure 1.11A shows a schematic of the experimental setup.  The idea is that 
a confocal microscope can detect fluorescence from the center region of a tether between 
two optical traps.  At the same time, high-resolution trap data can also be acquired.  
However, a challenging difficulty is that the traps are very close to the confocal position 
(Figure 1.11A), and the infrared (IR) light of traps photobleaches the neighboring 
fluorophore quickly.  This “Fleezers” used the idea of interlacing and timesharing68,70 to 
fix this problem (Figure 1.11B).  Three light sources, two traps from one IR laser and 
one confocal laser, are programmed in a time sequence.  That is to say in Figure 1.11B, 
in each 5 microseconds (µs), only one light source is on.  For example, from 0 – 5 µs, 
only the trap 1 is on; from 5 – 10 µs, only the trap 2 is on; from 10 – 15 µs, only the 
confocal laser is on.  In this so-called “interlacing and timesharing” scheme the IR laser’s 
influence on the fluorophore can be dramatically decreased.  This new generation of 
 16 
 
instrument can monitor how the conformation of helicase domains changes during 
helicase unwinding activity.   
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1.4  Figures and Tables 
 
Figure 1.1 Biological force.  (A) Myosin II power stroke6,14.  Myosin II produces a 
mechanical force on actin.  (B) Viral DNA packaging motor8-13.  The packaging motor 
can induce the procapsid shell to exert a compression force that blocks the package 
process.  [(A) comes from Figure 1B in Veigel et al.6, with permission.  (B) comes from 
Figure 4 in Molineux et al.13, with permission]. 
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Figure 1.2 Structures and families of non-hexameric helicases.  (A) The helicase core 
of SF1 and 2 includes two similar recombination protein RecA domains, and the helicase 
core is called “RecA Fold”16,20.  The RecA fold has many characteristic sequence motifs.  
(B) Fairman-Williams et al.16 uses a phylogenetic analysis to align the RecA fold 
sequences of all of SF1 and 2 from human to virus.  [(A) comes from figure in Berger20, 
with permission.  (B) comes from Figure 1 in Fairman-Williams et al.16, with permission]. 
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Figure 1.3 The mechanical step size measurments by single-molecule methods.  (A) 
RNA unwinding SF2 helicase HCV NS3 has a ~ 11-bp step size in which each step 
includes several ~ 3-bp sub-steps26,28.  (B) The same SF2 helicase HCV NS3 has a ~ 3-bp 
step size in which each step includes three 1-bp sub-steps25.  (C) The same SF2 helicase 
HCV NS3 moves a single base pair by consuming one ATP molecule27.  (D) The 
mechanical step size of a single XPD helicase is 1-bp (my unpublished data).  [(A) comes 
from Figure 1 and 3c in Dumont et al.26, with permission.  (B) comes from Figure 2A & 
C in Myong et al.25, with permission.  (C) comes from Figure 1 in Cheng et al.27, with 
permission]. 
 20 
 
 
Figure 1.4 Strand switching and slippage.  (A) Strand switching was first proposed by 
Vincent Croquette’s lab30 to explain the reannealing behavior of the SF1 UvrD helicase 
in magnetic tweezers experiments.  (B) Slippage was first found by Michelle Wang’s 
lab32 to explain the remarkable sawtooth pattern of the hexameric T7 helicase.  (C) My 
data of the non-hexameric SF2B XPD helicase also shows slippage behavior with a -1-bp 
step size.  [(A) comes from Figure 1A and 2B in Dessinges et al.30.  Copyright (2004) 
National Academy of Sciences, U.S.A..  (B) comes from Figure 1 in Sun et al.32, with 
permission]. 
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Figure 1.5 Passive and active mechanism.  (A) A passive/active mechanism22 proposed 
by Betterton and Jülicher23.  (B) In this model, many parameters are defined22.  [(A – B) 
come from Figure 1 and 4(a) in Manosas et al.22, with permission]. 
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Figure 1.6 Non-hexameric helicase regulation.  Assume there is a single non-
hexameric helicase that is an inactive or non-processive helicase.  There are three 
important helicase regulation mechanisms: oligomeric state control (A), removal of 
autoinhibitory domain (B), and “interactions” with an accessory protein (C).  All these 
regulations can increase the processivity of this single XPD helicase dramatically.  [This 
is Figure 3 in Lohman et al.17, with permission]. 
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Figure 1.7 Helicase study by smFRET.  (A) In Förster (or Fluorescence) Resonance 
Energy Transfer (FRET), FRET efficiency E is defined as how much energy is 
transferred.  E depends on the distance R between the donor and acceptor.  (B) smFRET 
experimental setup.  (C & D) Raw data of helicase unwinding during a smFRET 
experiments.  The increasing distance between donor and acceptor changes the FRET 
efficiency E from a high FRET value to a low FRET value.  [(A) comes from Figure 1.6 
in Ruobo Zhou’s dissertation.  (B – D) come from Figure 1 in Myong et al.25, with 
permission]. 
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Figure 1.8 Helicase study by magnetic tweezers.  (A) Experimental setup.  (B) When a 
helicase48 is loaded into the working chamber and bound on a hairpin construct, it can 
unwind or anneal the hairpin stem and change the distance between the magnetic bead 
and the glass surface.  [This is Figure 1 in Manosas et al.48, with permission]. 
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Figure 1.9 Review of optical tweezers (Chemla lecture at UIUC).  (A) Manipulation: 
A spatial light gradient generates an optical force to trap a dielectric bead58.  (B) 
Measurement: scattering of light by a trapped object relays its position in 3-D (Back-
focal plane interferometry).  This scattering pattern can be imaged onto a position-
sensitive photodetector.  (C) Force57: Three layouts in a normal optical trap experiment.  
[(A – C) come from Yann Chemla’s lecture59, with permission.   
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Figure 1.10 High-resolution optical “dual-trap” design60,61.  (A) Schematic of the 
“dual-trap” with a DNA tether61.  All parameters using for trap calculation are labeled.  
(B) Schematic of a dual-trap experimental layout61.  (C) A 3.4-kbp dsDNA is tethered as 
in (A).  Two different forces, 7 (blue) and 27 (red) pN, are exerted on this tether 
separately.  The distance between two traps is increased with a 0.34-nm step size.  The 
raw data were collected at 50 Hz (grey), and filtered to 5 Hz (red and blue).  A pairwise 
distribution analysis61 is used to measure the step size.  The experimental measurement of  
~ 0.34 nm, matches with the theoretical value.  Each step size is highlighted with a 
number in the figure.  (D) The 2.5-bp sub-stepsize of bacteriophage Φ29 packaging 
motor10 can be monitored by a high-resolution optical dual-trap.  [(A – B) come from 
Figure 1 in Moffitt et al.61.  Copyright (2006) National Academy of Sciences, U.S.A..  (C) 
comes from Yann Chemla’s lecture59.  (D) comes from Figure 3 in Moffitt et al.10, with 
permission]. 
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Figure 1.11 Fleezers66.  (A) Schematic of experimental setup.  (B) The idea of 
interlacing and timesharing68,70.  [(A) comes from Figure 1a in Comstock et al.66 and (B) 
comes from Yann Chemla’s lecture59, with permission]. 
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Section Application Method Force Regime Reference 
1.1 Myosin V 
(Mouse myosin V fragment) 
Optical Tweezers 0-4 pN Veigel et al.14 
1.1 Kinesin-1 Optical Tweezers 1.7 pN Guydosh et al.71 
1.3.2 UvsW DNA Helicase 
(T4 replication system) 
Magnetic Tweezers 8, 15 pN Manosas et al.48  
1.3.2 Bacteriophage T4 Helicase 
(gp41) 
Magnetic Tweezers 3-12 pN Lionnet et al.49  
2 – 5 XPD Helicase 
(Ferroplasma acidarmanus) 
High-resolution 
Optical Tweezers 
≤12 pN My work 
1.3.3 T7 Helicase 
(gp4A) 
Optical Tweezers 5.2, 6.1, 7.1, 8.2, 
9.6, 11.2 pN 
Johnson et al.24 
1.1 Bacteriophage Φ29 
(Bacillus subtilis) 
Optical Tweezers 5, 10, 20, 30, 40 
pN 
Chemla et al.8 
 
Table 1.1 Summary of biological applications related to single-molecule force 
measurements.   
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Chapter 2 
Single FacXPD Helicase  
Stepping Dynamics* 
 
 
In this chapter, the single FacXPD helicase stepping dynamics will be discussed.  
At the beginning, I will introduce a new experimental method “single helicase assay” in 
Chapter 2.2.  With this assay, we will show that a single XPD helicase exhibits repetitive, 
non-processive unwinding bursts in Chapter 2.3.  From data analysis, we find that the 
stepping kinetics is highly sequence dependent (Chapter 2.7).  A detailed discussion will 
be in the following section (Chapter 2.9) and conclusions will also be highlighted.  One 
control experiment, in which unwinding traces are demonstrated as single helicase 
activity, will be discussed in Chapter 2.4. 
 
 
2.1  Introduction 
Helicases are vectorial enzymes that utilize ATP hydrolysis to translocate along 
single-stranded nucleic acids (NA) and separate the base pairs (bp) of the duplex 
(Chapter 1.2).  The two largest helicase superfamilies, SF1 and SF2, contain a conserved 
motor core comprised of a nucleotide binding site in the cleft between two RecA-like 
domains (Chapter 1.2.1 & Figure 1.2)16,18.  Ensemble kinetic and structural studies of 
SF1 PcrA72-75, UvrD76-78 and SF2 NS329,34,79-83 suggest these domains move as a ratchet-
like inchworm, whereby the helicase translocates along single-stranded NA by 1 
nucleotide (nt) during each ATP binding and hydrolysis cycle.  Despite these findings, 
the mechanism of base pair separation has remained elusive.  Ensemble and single-
                                                
* The work in Chapter 2 was used from papers and a poster:  
Qi, Z.; Pugh, R. A.; Spies, M.; Chemla, Y. R., “Sequence-Dependent Base-pair Stepping Dynamics in XPD Helicase 
Unwinding”, submitted to eLife. 
Qi, Z.; Pugh, R. A.; Spies, M.; Chemla, Y. R., “Direct Observation of Base-Pair Stepping by SFII Helicase”, Invited by 
Journal of the Illinois Biophysics Society as Lebus Fellowship winner, Journal of the Illinois Biophysics Society, 2011, 
9, 9-10. 
Poster Presentation: Qi, Z., Pugh, R. A.; Spies, M.; Chemla, Y. R., “Stepping dynamics of FacRad3 XPD helicase 
measured using high resolution optical tweezers”, 55th Biophysics Annual Meeting (Baltimore, MD, March 2011). 
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molecule kinetic studies of RecBC84,85 and NS325,26 have reported unwinding in steps 
nested within larger steps.  A more recent single-molecule study of NS3 helicase 
confirmed a single-base pair unwinding step size but also reported ½-bp steps, which 
were attributed to asynchronous release of the unwound NA27.  Unwinding mechanisms 
where the helicase unwinds duplex as a monomeric inchworm18,86 or requires helicase 
oligomerization17 have been proposed (Chapter 1.2.7).  Lastly, the mechanism of base 
pair separation – whether achieved by helicase destabilizing base pairs directly 24 or by 
rectifying thermal breathing of the duplex49 – remains disputed (Chapter 1.2.6).  
Previous studies investigating this question by varying NA sequence22,24,28 have been 
limited, as assumptions on helicase step size, slippage, and backstepping have prevented 
definitive statements22.  These studies have lacked the resolution to assess stepping 
dynamics directly.  Distinguishing between mechanisms requires interrogating helicase 
activity at the single-protein level, and with high spatio-temporal resolution. 
Here, we applied high-resolution dual-trap optical tweezers10,65 to determine the 
mechanism underlying activity of XPD helicase from Ferroplasma acidarmanus 
(Chapter 2.2.2).  This approach allowed us to monitor individual FacXPD molecules 
acting on a dsDNA hairpin with base-pair resolution.  The high sensitivity of our 
experimental approach allowed us to determine that monomers of FacXPD helicase 
unwind DNA in one base pair steps.  We further established that FacXPD is an 
inefficient helicase with low processivity that displays repetitive attempts at unwinding 
duplex DNA.  In contrast to other helicases, backstepping plays a prominent role in 
FacXPD helicase mechanism.  FacXPD exhibited frequent single-base pair backsteps, 
which depended on ATP concentration and DNA sequence, and larger backstepping 
events that likely corresponded to conformational rearrangements of the protein-DNA 
complex.  Our high resolution assay allowed us, for the first time, to correlate with near 
base-pair registration the effect of DNA sequence on FacXPD’s stepping dynamics.  We 
show that FacXPD unwinding relies strongly on spontaneous opening of the base pairs 
ahead, and that this alone accounts for the observed low processivity.  Based on our 
measured kinetic parameters we propose a mechanism for FacXPD unwinding and 
speculate on its applicability to other biomedically important SF2 helicases. 
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2.2  About XPD Helicase  
Before we start discussing the high-resolution optical tweezers’ data of the single 
XPD helicase (Chapter 2.4), I think it is important to introduce the biological 
background of xeroderma pigmentosum group D complementing protein (XPD) helicase 
in detail.  I will start highlighting the structure and functions of XPD helicase (Chapter 
2.2.1) in transcription initiation and nucleotide excision repair (NER).  Next I will 
introduce one kind of archaeon, Ferroplasma Acidarmanus (Chapter 2.2.2), because my 
XPD helicase and RPA2 sample (Chapter 4 & 5) comes from this organism.   
 
 
2.2.1   Structure and Functions of XPD Helicase 
XPD helicase is a prototypical 5’→3’ translocating SF2 helicase (SF2B, Chapter 
1.2.2)18,87.  Crystal structures of three different archaeal XPD homologues88-90, sulfolobus 
acidocaldarius, sulfolobus tokodaii, and thermoplasma acidophilum, were acquired.  It 
consists of four structural domains: helicase domains 1 and 2 (HD1 and HD2), which 
contain all helicase signature motifs important for coupling ATP binding and hydrolysis 
to directional translocation along an ssDNA, and two unique modular domains (ARCH 
and FeS) inserted in the conserved motor core (Figure 2.1)88-90.  DNA was plotted by 
guess.  The DNA strand with black color is named “translocating strand”, and the DNA 
strand with grey color is “displacement strand” (Figure 2.1B).  Two control experiments 
about the influence of 5’ tail (translocating strand) and 3’ tail (displacement strand) on 
single FacXPD helicase activity are discussed in Chapter 2.5 (Figure 2.7A – E) and 
Chapter 3.4 (Figure 3.9) separately.  The structure suggests that a channel is formed by 
ARCH, FeS, and HD1.  The translocating strand (black in Figure 2.1B & C) can pass 
though this channel.  All known SF2B enzymes participate in DNA repair or support 
replication and, therefore, are important for maintenance of genomic integrity91,92.  
Human XPD is a player in nucleotide excision repair and transcription initiation 
(Chapter 2.2 & Figure 2.2)93.  Related FeS-containing helicases FancJ, Rtel and ChlR1 
share structural organization and likely the same unwinding mechanism as XPD94,95.  The 
features of the DNA unwinding mechanism determined for XPD may thus be broadly 
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relevant to SF2 helicases, which all make contacts with the phosphodiester backbone of 
nucleic acids.   
XPD helicase belongs to the transcription initiation factor TFIIH96,97 (Figure 
2.1D & 2.2).  Mammalian TFIIH includes two parts, a core and a cyclin-dependent 
kinase (CDK)-activating kinase complex.  The core part (red in Figure 2.1D) has 6 
subunits: XPB (3’→5’ helicase), p8, p52, p62, p34, and p44.  The CDK)-activating 
kinase complex (blue in Figure 2.1D) has 3 subunits: CDK7, Cyclin H, and MAT1.  
XPD helicase (green in Figure 2.1D) interacts with both MAT1 and p44.  TFIIH is 
involved in both transcription initiation and nucleotide excision repair (NER).  In NER, 
the function of TFIIH is to open the base pairs around a lesion for excision96.  In 
transcription initiation, the function of TFIIH is to open the promoter region. 
 In NER, two important functions of the XPD helicase were discovered.  The first 
function is unwinding a short length of base pairs around a lesion in eukaryotic NER 
(Figure 2.2B).  Coin et al.98-100 observes that the helicase function of XPD is crucial to 
eukaryotic NER.  However, the helicase function of XPB is useless96.  The clear 
evidences are three human genetic disorders, trichothiodystrophy (TTD), xeroderma 
pigmentosum (XP), and combinedxeroderma pigmentosum and cockayne syndrome (CS), 
which are caused by mutations of the eukaryotic XPD helicase.  The second function is 
recognizing a DNA lesion position101 in archaeal NER (Figure 2.2B).  Compared with 
eukaryotic NER, archaeal NER are involved in fewer proteins that are homolog of 
eukaryotic NER proteins.  For example, the homolog of eukaryotic XPC-R23 (Figure 
2.2B), which is used to detect a lesion position during the initial damage verification 
stage of NER, is not found.  How does archaeal NER detect a lesion position?  Mathieu et 
al.101 observe that XPD helicase has this function in the organism of Ferroplasma 
Acidarmanus.  However, in other organism, such as Sulfolobus solfataricus, replicaiton 
proteion A (RPA) (Figure 4.1B) is observed the same funciton of DNA damage 
detection102. 
 The relationship between two helicases in NER, XPD and XPB, is also a very 
interesting question.  Two theoretical models were proposed, but proven wrong from 
experiments.  Then a third model was proposed on the basis of the experimental data.  
The first model103 proven wrong is that both XPD and XPB helicases bind to the same 
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DNA strand with a lesion and stay on the both sides of the lesion.  Then both helicases 
unwind on opposite directions.  The second model104 proven wrong suggests that both 
helicases bind on the same DNA strand with a lesion and stay on the same side of the 
lesion.  Then both helicases unwind on opposite directions.  One of the helicases must 
arrive at the lesion position and halt.  This will create a frozen intermediate state to start 
the next step of the excision.  Experimental data shows that the helicase function of XPB 
is useless in NER98-100, and proves the first and second models are wrong.  On the basis 
of this information, a third model is purposed105,106.  XPB helicase can use its ATPase 
activity to unwind the local base pairs around a lesion and then XPD helicase starts 
unwinding dsDNA around the lesion. 
 In transcription initiation, the role of the XPD and XPB helicase switches.  The 
helicase activity of the XPB helicase is crucial for promoter opening in the transcription 
initiation105,107, and the helicase activity of XPD is useless. 
 
 
2.2.2   About Ferroplasma Acidarmanus 
 Edwards and her team108 found an new organism, Ferroplasma Acidarmanus, in 
acid iron mines drainage in California (Figure 2.3A).  This microbe has some interesting 
properties109: (1) It is an aquatic archaeon without a cell wall or an S-layer;  (2) It is 
classified as extremophile (pH ~ 0 and Temperature ~ 40 oC).  (3) It can oxidize iron, 
manganese, and sulfur ions.  Especially, oxidizing sulfur ions can produce sulfuric acid as 
a byproduct that results in a seious pollution in acid iron mines drainage.  The 
Ferroplasma Acidarmanus (Fer1) under a microscope109 is shown in Figure 2.3B. 
 
 
 34 
 
2.3  Hairpin Assay with Optical Tweezers 
Single FacXPD helicase activity can be measured by a high-resolution optical 
tweezers26,61.  The following sections will introduce the assays: (i) multiple helicases 
assay (Chapter 2.3.1) and (ii) single helicase assay (Chapter 2.3.2).  Multiple helicases 
assay was developed by Dumont et al.26 to measure helicase unwinding activity.  The 
shortcoming of this assay is the data cannot distinguish single helicase activity from 
multiple helicases’ activity.  It has been proven for many SF1 and 2 helicases that 
oligomeric state shows completely different activity compared with monomer (Chapter 
3).  In order to observe single helicase activity, we developed a new single helicase assay 
on the basis of the multiple helicases assay. 
In Dumont et al.’s paper26, a key point is the design of a hairpin construct.  So 
before I introduce this assay in detail, I will highlight the hairpin construct first.  For 
studying FacXPD helicase, I developed a new DNA hairpin construct protocol that was 
adapted from Woodside et al.110.  This new DNA construct consists of three separate 
fragments ligated together after synthesis and purification (Appendix A): “Right handle” 
(HR), “Hairpin” (HP), “Left Handle” (HL).  HR is synthesized from a 1.5-kb PCR-
amplified section of the pBR322 plasmid (New England Biolabs) using a 5’ digoxigenin-
modified forward primer and a reverse primer containing one abasic site.  The abasic site 
leaves a 29-nt 5’ overhang upon PCR amplification (“Auto-sticky PCR”111) that anneals 
to a complementary sequence in the 89-bp hairpin HP.  HL is PCR-amplified from the 
same plasmid using a 5’ biotin-modified primer and cut to 1,550-bp length with the 
PspGI restriction enzyme (New England Biolabs), leaving a 5-nt 5’ overhang.  HP is 
composed of a long oligonucleotide containing (from 5’→3’) the complementary 
sequence to the overhang in HL, a (dT)n “loading site” for helicase binding (n = 10 nt 
unless otherwise noted), and a 153-nt sequence containing the hairpin and a (dT)4 
tetraloop.  The DNA hairpin construct allows for a hairpin with different length or 
sequence to be easily substituted.  All oligonucleotides were synthesized by Integrated 
DNA Technologies (IDT). 
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2.3.1   Multiple Helicases Assay 
Dumont et al.26 developed a multiple helicases assay to monitor helicase 
unwinding activity (Figure 2.4).  A constant force (12pN, blue curve in Figure 2.4B) that 
is lower than the transition force (~ 17 pN for sequence 1, Figure A.7D & Appendix A) 
is applied on a DNA hairpin construct.  Before a helicase starts to unwind the DNA 
hairpin, the original position is measured and the distance between two beads is L1 
(Figure 2.4D).  Without helicase, the distance between two beads should remain constant 
because the DNA hairpin cannot unfold by itself under a tension lower than the transition 
force (Figure A.9F – I).  Once the helicase starts to unwind the DNA hairpin, the 
distance between two beads will increase, and the new distance between two beads is L2 
(Figure 2.4D).  We can define the extension change (nm) ΔL = L2 – L1, which correlates 
to the # of base pair unwound by multiplying by a factor.  Then # of base pair unwound 
versus time can be plotted (Figure 2.4C).  This method is the so-called “Multiple 
Helicases Assay”.  From the time trace in Figure 2.4C, we can observe many important 
helicase properties, such as the unwinding rate (Chapter 1.2.3) and step size (Chapter 
1.2.4), which are mentioned in Chapter 1.2.  Force and ATP influence on the unwinding 
rate and step size can be studied.  With high-resolution optical tweezers60,61 (Chapter 
1.3.3), we can also monitor slippage (Chapter 1.2.5) and backslides behavior32 (Chapter 
2.6). 
 
 
2.3.2   Single Helicase Assay 
 “Multiple Helicases Assay” is powerful, however, we have to face a serious 
problem: How to determine if the unwinding trace in Figure 2.4C is a single XPD 
unwinding activity or multiple XPDs’ behavior?  In this assay, XPD helicases were 
mixed with ATP in the working buffer (Appendix B.7).  When a single XPD molecule 
binds on the DNA hairpin and starts to unwind it by converting chemical energy of ATP 
hydrolysis to the mechanical energy, longer ssDNA regions appear to give an opportunity 
for a free second XPD molecule to bind on.  This second XPD molecule can translocate 
and track the first XPD molecule because the translocating rate is faster than the 
unwinding rate.  Next a third, fourth, … etc. molecule can also bind and translocate on 
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the DNA hairpin after the first and second molecules.  However, Chapter 1.2.7 and 
Chapter 3 indicate the different oligomeric states of a helicase can show different 
helicase unwinding activity38.  So this assay cannot answer the question at the beginning.  
In order to fix this problem, we developed a new method “Single Helicase Assay”. 
 In this assay, we first introduce a laminar flow cell112 (Appendix B.1, Figure B.1 
and Figure 2.5A & B), which we use to perform experiments.  A 4-channel flow cell is 
used to establish two adjacent streams under different buffer conditions.  Figure 2.5A is 
an actual 4-channel flow cell.  Food dye with different colors was pumped into the cell 
(100 µL/hr).  An interface was formed between red and blue streams.  Figure 2.5B is a 
schematic of an optical trap 4-channel flow cell in the experiments.  Second, different 5’ 
ssDNA loading sites of the DNA hairpin constructs were tested (Chapter 2.4) and a 10-
dT 5’ ssDNA loading site can ensure that only a single FacXPD molecule can load on the 
DNA hairpin at a time (Figure 2.5D). 
In a typical experiment with this single helicase assay, the two streams merging in 
the central channel contained a buffer with ATP (0 – 500 µM, blue stream; Figure 2.5B), 
and a buffer with XPD helicase (6 nM, red stream).  A streptavidin and anti-DIG beads 
were captured by the traps at position 1 and 2 (Figure 2.5B).  A single tether was formed 
in the ATP stream (position 3 in Figure 2.5B).  A force-extension curve (FEC) was taken 
for every tether formed to verify proper behavior (blue curve in Figure 2.5C; Appendix 
A, Figure A.7 and A.9).  The tether was moved into the XPD stream at low tension (< 2 
pN) from position 3 to 7 (Figure 2.5B).  Once inside the XPD stream (position 7, Figure 
2.5B), the tension was increased to 12 pN and maintained using force feedback (green 
curve in Figure 2.5E), and data acquisition started.  After a short incubation period to 
allow a single XPD molecule to bind, the tether was moved back to the ATP stream 
(position 3 in Figure 2.5B).  Once the tether crossed the buffer interface (position 5 in 
Figure 2.5B; red dashed line in Figure 2.5E & F), the single XPD molecule binding on 
the DNA tether could bind ATP and start to unwind the hairpin.  Unwinding signals (red 
curve in Figure 2.5E) were measured only once the DNA tether crossed over position 5 
and before it arrived back to the position 3 (Figure 2.5B).  Figure 2.5F shows a typical 
unwinding trace of a single XPD molecule.  This protocol is used for all the data 
presented in Chapter 2.   
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2.4  Single XPD Helicase Exhibits Repetitive, Non-Processive 
Unwinding Bursts 
We monitored XPD-mediated unwinding of an 89-bp hairpin containing a random 
DNA sequence (Chapter 2.3.2 & Appendix A; Figure 2.4A & D and Figure A.1).  A 
10-dT single-stranded DNA (ssDNA) binding site at the 5’ end of the hairpin allowed 
loading of a single XPD molecule18 (Chapter 2.5 & Chapter 3).  In the presence of ATP, 
XPD unwinds the hairpin, releasing 2 ssDNA nucleotides (nt) for every base pair 
unwound26 (Figure 2.4D).  Unwinding was measured at a constant tension of 12 pN 
(green curve in Figure 2.5E), insufficient to mechanically unfold the hairpin (Appendix 
A; Figure A.2B – E).  To prevent hairpin unwinding by multiple helicases, we developed 
a protocol (Chapter 2.3.2) in which a single protein could be loaded onto the construct 
and unwinding monitored in the absence of other proteins in solution.  We used a laminar 
flow chamber112 (Appendix B.1; Figure 2.5A & B and Figure B.1) with two parallel 
streams of buffer containing ATP (0 – 500 µM) and 6 nM XPD, respectively (blue and 
red streams, Figure 2.5B). A single tethered hairpin was incubated in the XPD stream 
(position 3, Figure 2.5B) for 20 s to allow the protein to bind.  Hairpin unwinding could 
be detected soon after moving the tether into the ATP stream (position 5, Figure 2.5B & 
E).  Control experiments with no ATP show no unwinding of the hairpin to within 0.4 bp 
(representing one s.d. in the hairpin extension noise; N = 19 traces, Figure 2.5F and 
Figure A.9F). 
Figure 2.5D displays the activity typically observed from a single XPD helicase 
(see below).  Several features are notable.  First, the protein exhibited repetitive 
unwinding “bursts” during which the hairpin gradually unfolded, then suddenly and 
completely re-annealed.  While unwinding was gradual, re-annealing occurred in large (-
6.3 ± 1.6 bp, mean ± s.d.; N = 144 bursts) and sudden backward jumps (Figure 2.5H & 
2.6).  The re-annealing rate was high (>100 bp/s; N = 144 bursts), much faster than the 
translocation speed of 13 ± 2 nt/s1 and ATP independent, inconsistent with helicase 
translocation on the opposite strand, as observed in other systems30.  These observations 
suggest a mechanism of repetitive unwinding in which XPD can backslide by several 
base pairs without dissociating from its DNA substrate.  Structures and biochemical 
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studies suggest that the ARCH domain of XPD can encircle the translocating DNA strand 
during unwinding4,89,90,113,114, providing a potential structural basis for backsliding 
without dissociation.  Although XPD’s behavior is reminiscent of the “repetitive shuttling” 
previously reported for the SF1 helicase Rep115, some key differences distinguish the two.  
First, Rep helicase shuttling was detected during translocation on an ssDNA, not duplex 
unwinding.  Second, shuttling in Rep is mediated by formation of a transient DNA loop 
that allows rapid “snapback” to its initial position on DNA.  Our data disfavors such a 
mechanism, as the re-annealing usually occurred in multiple jumps, rather than a single 
snapback.  Furthermore, formation of a ~12-bp loop is unlikely at the applied tension. As 
discussed below, our analysis of stepping kinetics further disfavor a looping mechanism 
in XPD. After several unwinding bursts and backslides (Table 2.1), activity suddenly 
ceased, indicating protein dissociation.  In none of our measurements (N = 363 traces) did 
activity return once a dissociation event was observed.  The second notable feature is the 
low processivity of XPD helicase (Figure 2.5D).  Although the full hairpin measured 89 
bp, only an average of 12 ± 3 bp (mean ± s.d.; Table 2.1) were unwound during each 
burst.  The third notable feature is many large -5-bp backsteps are found in the unwinding 
traces (Figure 2.5G), and this feature will be discussed in Chapter 2.6 in detail.   
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2.5  Demonstration of Single-Protein Unwinding Activity 
We performed several control experiments to ensure that the activity depicted in 
Figure 2.5E was obtained from a single protein.  First we designed the DNA constructs 
containing ssDNA binding sites of varying length (Appendix A; Figure A.1).  Although 
the minimal footprint enabling efficient loading of a single XPD is unknown, we estimate 
it to be 6 – 8 nts based on structural information on SF2 helicase complexes with nucleic 
acids18,79,83,116 and the predicted binding mode of XPD4,113.  No unwinding activity was 
detected on the constructs containing an ssDNA binding site smaller than the expected 
XPD footprint (0-dT and 3-dT; Figure 2.7A–B), indicating that XPD helicase could not 
initiate unwinding of these substrates.  In contrast, unwinding activity was readily 
detected (Figure 2.7C–D) when the binding sites were ≥ 10 nt.  Interestingly, we 
observed two types of unwinding behaviors for long binding sites: a “low-processivity” 
activity (Figure 2.5E and Figure 2.7C), in which ~12 bp were unwound repetitively; 
and a “processive” activity (Figure 2.7D), in which the 89-bp hairpin was completely 
unwound.  The latter was observed only with constructs containing binding sites >10 nt 
that were expected to accommodate 2 or more XPD monomers (19-dT and 38-dT; Figure 
2.7E).  This result suggests that individual motors can unwind ~12 bp while multiple 
motors may cooperate to increase unwinding processivity or generate forces sufficient for 
overcoming difficult sequences117.  Traces were occasionally seen to revert from 
processive to low-processivity activity (Figure 2.7D), potentially indicating dissociation 
of one of the cooperating XPD molecules while leaving the other engaged. 
In the second set of control experiments we monitored unwinding in the presence 
of varying XPD concentration.  To this end, we used a different stream configuration in 
the laminar flow chamber: the upper stream contained buffer only and the lower stream 
buffer with both XPD (0.2 – 60 nM) and ATP (500 µM; Figure 2.7F).  Provided the 
XPD concentration was low (≤ 1.8 nM, green line, Figure 2.7G), most of the activity 
observed was low-processivity, similar to that shown in Figure 2.5E.  For XPD 
concentrations ≥ 6 nM, only processive activity could be detected (red line, Figure 2.7G), 
consistent with our interpretation that this activity resulted from multiple proteins.  
Control measurements performed in the absence of ATP show no activity (navy line, 
Figure 2.7G).  We measured the waiting time from the moment the tether was moved to 
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the lower stream containing XPD and ATP until the detection of the first unwinding 
activity (τ1) and the first processive unwinding activity (τ2).  The rate 1/τ1 for first 
unwinding varied linearly with XPD concentration (black circles, Figure 2.7H), 
indicating that τ1 corresponds to the time for a single XPD protein to bind to the DNA.  
(We note that there has been no evidence for XPD dimerization in solution under buffer 
conditions similar to ours3).  The data were fitted to 
€ 
1/τ1 = konXPD XPD[ ]  yielding the 
association rate constant XPDonk = 0.28 ± 0.01 s
-1 nM-1 (mean ± s.d.).  In contrast, the rate 
1/τ2 for first processive unwinding depended on a higher power of the XPD concentration 
(orange squares, Figure 2.7H), indicating a requirement for multiple proteins.  We fitted 
the data to a simple model in which the rate for first processive unwinding corresponds to 
binding of a second XPD to the DNA.  Thus,  
€ 
1/τ 2 = PXPDkonXPD2 XPD[ ]       (1) 
where PXPD is the probability that one XPD helicase is already bound to the DNA when 
the second binds and koffXPD2  is the association rate constant for the second helicase, 
€ 
PXPD =
XPD[ ]
XPD[ ] + koffXPD /konXPD
      (2) 
where koffXPD  is the dissociation rate constant.  The data were fitted to this expression, 
yielding equilibrium dissociation constant Kd = koffXPD / konXPD = 5 nM (similar to that 
observed in bulk studies2), and 
€ 
koffXPD2 ≈ konXPD .  The data are consistent with low-
processivity behavior being due to single-XPD activity, and processive activity from 
cooperative action of multiple (at minimum, two) monomers. 
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2.6  XPD Helicase Unwinding Occurs in 1-Base-Pair Steps with 
Frequent Backsteps 
The base-pair resolution of our assay allowed us to investigate the detailed 
mechanism behind the observed repetitive, low-processivity activity.  As shown in 
example traces in Figure 2.8A, XPD unwound DNA in discrete steps but did not appear 
to step exclusively along one direction.  Based on a pairwise distribution (PWD) 
analysis10,26,65, we determined an elemental step size of 1 bp across all ATP 
concentrations (Figure 2.8B; Appendix C.1; Table 2.1).  Unwinding activity was also 
measured on two alternate hairpin sequences (Sequence 2 and 5) and across a range of 
tensions (Figure 2.8C & D; Appendix A; Figure A.2B – E).  PWD analysis of these 
unwinding data revealed the same 1-bp step size throughout (Figure 2.8D), indicating 
that our determination of the step size is robust, independent of sequence or tension.  In 
addition to the PWD analysis, we also applied a step-fitting algorithm118 to fit the 
unwinding traces (red lines, Figure 2.8A & C; Appendix C.1).  The histogram of step 
sizes from this analysis (Figure 2.9A) corroborates the 1-bp elemental step size across 
the range of ATP concentrations assayed (Figure 2.9B).  Inspection of individual traces 
reveals that not all steps measured an exact integer number of base pairs.  These events, 
which we attribute to measurement noise, are responsible for the width of the peaks in the 
PWD and in the step size histogram, but were not significant enough to disrupt the 1-bp 
pattern.  In particular, our analyses provide little evidence for a statistically significant 
0.5-bp step size, as recently reported for NS3 helicase and interpreted as a manifestation 
of transient DNA looping in that system27.  
In addition to unwinding in 1-bp steps, the protein exhibited frequent backsteps 
(dashed rectangle 1 in Figure 2.8A) and occasional large (~5 bp) steps backward and 
forward (dashed rectangle 2 in Figure 2.8A).  Our step-fitting algorithm reveals that the 
majority of backsteps measure 1 bp while the less common large backsteps span – 4.6 ± 
0.9 bp (mean ± s.d.).  In both cases the step sizes were independent of ATP (Figure 2.9B 
– C).  Both types of events are distinct from the backsliding described above.  Single-
base pair backsteps have so far only been observed in high-resolution optical trap 
measurements of NS3 helicase, and appear rare27.  In contrast, backsteps are very 
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frequent for XPD.  Moreover, the large 5-bp steps backward and forward exhibited by 
XPD appear to be a new feature of helicase stepping mechanics that, to our knowledge, 
has not been reported before. 
To capture the complexity of observed backstepping behavior, we analyzed steps 
in pairs.  Figure 2.9D shows a scatter plot of the step sizes for all adjacent pairs of steps 
detected at 12.5 µM ATP and 12 pN.  The different types of stepping behavior are 
evident.  Red data points represent consecutive 1-bp forward steps, orange points depict 
step pairs with one or two 1-bp backsteps, and green points depict pairs with a large 5-bp 
backward or forward step.  (We also observed a small fraction of 2-bp steps, which we 
attributed to closely spaced 1-bp steps missed by the step-finding algorithm.)  Nearly all 
step pairs plotted corresponded to combinations of forward and backward 1-bp and ~5-bp 
steps; the small fraction (~5%, across all ATP concentrations, Table 2.1) of events that 
did not fit categorization are represented by the grey points.  We performed this analysis 
across the range of ATP concentrations assayed and determined the probability, P_, of a 
1-bp backstep relative to all 1-bp steps.  P_ varied inversely with ATP, but importantly 
remained significant (~15%) at saturating ATP concentrations (Figure 2.9E).  We found 
that probabilities for pairs of adjacent 1-bp steps were simply products of individual 
probabilities (i.e. the probability for two consecutive backsteps was P_2), indicating that 
the direction of each 1-bp step was independent of the preceding step.  In contrast, the 
large 5-bp steps displayed a strong correlation to past behavior; 5-bp backsteps were 
almost always followed by equal-size forward steps (-4.6 vs. 4.4 ± 0.9 bp, mean ± s.d.; 
[ATP] = 500 µM and F = 12 pN; Table 2.1).  This feature distinguishes the 5-bp 
backsteps from the backsliding events described above, as the latter were always 
followed by a 1-bp step.  The pairing of 5-bp backsteps with 5-bp forward steps suggests 
that XPD kept track of its position along the hairpin after the initial backstep.  The 
probability for 5-bp backsteps P-5 was low (5-10%) and depended weakly on ATP.  
Measurements across a range of tensions on alternate hairpin sequences revealed that the 
frequency of 5-bp steps depends inversely on force (Figure 2.10E; dependence on 
sequence is discussed further below).  In addition to probabilities, we also determined the 
dwell times between steps.  As shown in Figure 2.9F, the dwell times τ between all 1-bp 
steps (forward or backward) exhibited Michaelis-Menten-like behavior.  In contrast, 
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dwell times between 5-bp backsteps and subsequent large forward steps were 
independent of ATP (Figure 2.9F). 
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2.7  Stepping Kinetics are Highly Sequence-Dependent 
To understand the mechanism underlying forward- and backstepping by XPD, we 
next investigated the role of DNA hairpin sequence (Figure 2.11A).  The histogram of 
the unwinding run lengths or processivity (defined here as the maximum number of base 
pairs unwound per unwinding burst; Figure 2.11B) displays a sharp peak at the 12-th 
base pair, immediately preceding a patch in the hairpin with high G-C content, suggestive 
of a potential correlation.  To quantify this correlation, we determined the probability at 
each position n along the hairpin, Popen(n,F), that the hairpin fork would open at the 
applied tension F24,119 (Appendix A.2.2).  Figure 2.11C shows that the position where 
the majority of unwinding bursts stalled matches the minimum in Popen.  This strong 
sequence dependence is further substantiated in measurements with two alternate hairpin 
sequences (Appendix A; Figure A.9B – E).  For all three hairpins (sequence 1, 2, and 5), 
we observed a strong correlation between the processivity and positions of minimum 
Popen (Figure 2.12A). 
The high-resolution data further allowed us to correlate the stepping statistics to 
XPD’s position along the hairpin with base-pair registration accuracy.  Figure 2.11D – E 
display P_ and τ as a function of position at saturating ATP.  In both cases, the data 
suggest an anticorrelation with Popen.  (In comparison, the 5-bp backstepping probability 
P-5 displayed hardly any dependence on sequence (Figure 2.10F).  We related P_ and τ 
to the rate constants describing forward and reverse motion, kF and kR120 (Appendix C.2).  
The probability of backstepping is the kinetic competition between a reverse vs. a 
forward step; i.e., P_ = kR / (kR + kF) while the dwell time is the inverse of the sum of the 
two microscopic rate constants: τ = 1 / (kR + kF).  Combining the two expressions, we 
determined kF and kR.  Figure 2.13A – C display P_, kF and kR vs. Popen, respectively, and 
clearly illustrate the importance of sequence to the unwinding kinetics of XPD.  The 
backstepping probability P_ depended inversely on Popen.  More strikingly, kF increased 
by a factor of four as Popen increases, indicating that XPD relies heavily on thermal 
opening of downstream base pairs to unwind the hairpin.  In contrast, the reverse rate kR 
displayed only a weak relation to Popen.  Sub-saturating ATP concentration (Figure 2.13D 
– I) yielded weaker sequence dependences since kF was limited by binding of ATP, rather 
than unwinding the hairpin (Appendix C.3). 
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2.8  Discussion and Conclusions 
These base pair stepping dynamics reveal important aspects of XPD mechanism.  
In contrast to 3’→5’ SF1A helicases, which must remain in register with DNA because 
its bases are intercalated between aromatic residues of the active site78,86, SF1B and all 
SF2 helicases and related dsDNA translocases interact with the phosphodiester 
backbone16,18.  Such interaction may allow for a non-unitary step size10.  Our high-
resolution measurements of XPD steps establish unequivocally that this SF2B helicase 
unwinds DNA in uniform 1-bp steps, yet is an inefficient helicase.  Unwinding is 
mitigated by frequent backsteps and duplex re-annealing.  Although 1-bp backsteps are 
more frequent as ATP is decreased, the backstepping probability remains non-zero at 
saturating ATP (Figure 2.9E).  This indicates that 1-bp backsteps occur mainly when the 
helicase waits for the next ATP to bind, but also occasionally while in the ATP-bound 
state.  The nature of the interaction between the motor core of XPD and DNA backbone 
is likely responsible for backstepping.  This would be in a stark contrast with SF1A 
helicases, whose movement requires shifting in 1 nt register due to interaction with the 
bases.  Large ~5-bp backsteps likely involve a different mechanism.  We speculate that in 
a fully engaged state competent for unwinding, DNA is bound to a site within conserved 
SF2 core16,18, then channeled into a secondary binding site within the FeS domain2 
through the opening between the ARCH and FeS domains4,113,114.  We propose that 
during 5-bp backsteps, part of the translocating strand that was bound to the secondary 
site is released, allowing ~5 bp of the duplex to reanneal (Figure 2.17).  This renders the 
helicase incompetent for unwinding until the 5 bp properly rebinds and positions the fork 
junction at the strand separating feature on the front of the FeS domain4.  This is 
consistent with the observation that 5-bp backsteps are always followed by equal-size 
forward steps (Figure 2.9D).  The observed force dependence of these events (Figure 
2.10E) may indicate that higher substrate tensions prevent the displaced strand from 
binding to the secondary site, stabilizing the translocating strand’s interaction to the site.  
The fact that 5-bp backsteps were observed on a variety of sequences, including homo-
AT templates of sequence 5 (Figure 2.8C, purple curve) disfavors an alternate 
mechanism in which the backsteps represent transient formation of a short hairpin on 
either strand.  These essential features in the observed stepping dynamics are captured in 
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the minimal kinetic model in Figure 2.16A (Appendix C.2 & C.3) that was used to fit 
the kinetic data globally (dashed lines, Figure 2.9E–F). 
The backstepping behavior of XPD is highly sequence-dependent (Figure 2.11 
and 2.13).  Confronted with stable sequences (i.e. when Popen is small), the helicase 
exhibits a higher frequency of backsteps (Figure 2.13A).  This occurs primarily because 
the rate of stepping forward kF is suppressed (Figure 2.13B).  The linear dependence of 
kF on Popen at saturating ATP suggests a “passive” unwinding mechanism (Figure 2.15) 
in which the helicase captures spontaneously opened base pairs at the ssDNA/dsDNA 
junction.  However, a strictly passive model22-24,121 requires that the rate be strictly 
proportional to Popen, whereas the observed linear trend exhibits an offset.  This feature is 
indicative of an intrinsic destabilization of the duplex by the helicase, characteristic of an 
“active” mechanism (Appendix C.2 & C.3).  To model quantitatively the dependence of 
the stepping rates on Popen and any destabilizing interaction, we used the theoretical 
approach of Betterton and Jülicher23.  A global fit to the minimal kinetic scheme 
incorporating sequence dependence (solid lines, Figure 2.13A – I) suggests “partially” 
active unwinding (Figure 2.16B): we calculated the reduce chi-square122 for both active 
(Figure 2.13) and passive (Figure 2.15) fitting: (1) active, 4.3; (2) passive, 9.3.  The fork 
is destabilized by ~2-3 kBT through interaction with the protein, yet still slows the XPD’s 
progress.  The parameters of this global fit are summarized in Table 2.2.  We highlight 
the fact that the fit yields a translocation rate ktrans ≈ 11 nt/s (obtained in the limit that 
Popen = 1), in excellent agreement with that determined from independent measurements 
of XPD translocation on ssDNA1.  The global model correctly and simultaneously 
reproduces the dependences of the 1-bp and 5-bp backstep probabilities, their respective 
dwell times, and processivity on ATP (Figure 2.9E – F) and sequence (Figure 2.13A – 
I).  This kinetic model with the fitting parameters in Table 2.2 can be used to simulate 
single XPD unwinding (Figure 2.18). 
 Popen measures the probability that one or more base pairs downstream of the ss-
dsDNA junction open spontaneously due to thermal fluctuations.  This quantity is 
calculated from the free energies of breaking each base pair, determined from the 10 
nearest-neighbor model values measured recently by Huguet et al.119.  As a result, Popen 
depends on the sequence of ALL downstream base pairs, with appropriate statistical 
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weights.  Thus, it is dangerous to draw conclusions based only on visually comparing the 
AT-GC make-up of the hairpin and Popen at each hairpin position, because downstream 
base pairs also contribute.  We can show that in Figure A.12, for all hairpin sequences 
used in this study, Popen correlates very well with the AT% (over the appropriately sized 
window).  In Figure A.12, AT% was calculated over a window of 10 bp at each hairpin 
position (for position i, the value corresponded to the AT% over base pairs i to i+9).  We 
notices that many sequence dependence studies use AT%, so we also use AT% to take 
place of Popen in Figure 2.14, compared with Figure 2.13.  While other studies have used 
AT% to quantify the effect of sequence, we feel Popen is a better parameter because it 
relates directly to the manner by which the helicase relies on thermal fraying of the 
duplex ahead.  Furthermore, Popen can be compared directly to the model of Betterton and 
Jülicher23. 
The origin of the low processivity (Figure 2.5E) is the sequence dependence.  
When kF and kR are equal, the average unwinding rate is zero.  As seen in Figure 2.13B – 
C, this condition occurs when Popen ≈ 0.1, which matches the value of Popen at the hairpin 
position beyond which most helicases stall, for the three hairpin sequences assayed 
(Figure 2.11C and 2.12A).  Based on this argument, one would predict the processivity 
to decrease at lower tensions, as the equilibrium is shifted toward the closed hairpin 
conformation and Popen is decreased.  As shown in Figure 2.12B & C, not only is this 
decrease observed but Popen ≈ 0.1 predicts the stall position to within 1 bp.  
A typical SF2 helicase contains a bipartite nucleic acid binding site that 
accommodates up to 8 nucleotides (or base pairs)18 of DNA or RNA.  In addition to this 
canonical nucleic acid binding site, XPD and related FeS-containing helicases feature 
additional contacts with the translocating strand.  Biochemical and structural analyses 
previously published by us4 and others113 indicates that the translocating strand passes 
from the canonical binding site through the opening formed by the two auxiliary domains 
(Arch and FeS) and is guided by the residues of HD1 and FeS domains forming a 
secondary DNA binding site to the wedge structure on the back of the FeS domain.  This 
secondary DNA binding site should accommodate approximately 5 nt of the translocating 
strand.  This site is important for (i) enabling and controlling the 5’→3’ translocation and 
force generation by XPD; (ii) for positioning the ss-dsDNA junction near the strand 
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separating wedge; and (iii) for damage verification by XPD.  If the translocating strand 
were to dissociate from the secondary binding site, the 5 nt normally occluded by this site 
would re-anneal with the complementary strand, resulting in a 5-bp back step, as 
observed in our data (Figure 2.17).  To re-initiate unwinding, the point of duplex 
separation has to reengage the wedge structure thereby necessitating reopening of the 5 
bp.  In our data, a 5-bp forward step is always observed following a 5-bp backward step 
and is never detected on its own, consistent with this structural model. 
The 5-bp back and forward steps illustrate the importance of the secondary 
binding site in controlling XPD helicase activity: it separates the motor core from the 
wedge structure that splits the duplex.  Unwinding occurs only when translocating strand 
resides within this secondary DNA binding site.  This not only allow control of the 
unwinding rate4,113, but also stalls the helicase at bulky UV-induced damage site, thereby 
triggering nucleotide excision repair101,123. 
While we cannot rule out all alternative models and ternary complex structures 
will be required for further validation, the proposed mechanism provides the most 
reasonable explanation of our observations.  In contrast, the spring-loaded mechanism 
suggested by Appleby et al.124 appears far less plausible.  In this mechanism, one would 
expect multiple unwinding steps reflecting “loading of the spring” accompanied by 
sequestering of the unwound DNA, followed by release of this DNA which would be 
observed as a large forward step.  It is difficult to imagine how such a model could 
explain how 5-bp backsteps are always followed by 5-bp forward steps while also 
accounting for 1-bp forward and backward steps.  Moreover, a spring-loaded mechanism 
would require several hidden kinetic steps to occur per observed step, resulting in a non-
exponential dwell time distribution (see for example, Myong et al.115).  This is 
inconsistent with our data; the dwell times for forward 5-bp steps are exponentially 
distributed, indicative of a single kinetic event.  
The biological function of this inefficient unwinding likely reflects the cellular 
role of XPD helicase, which requires unwinding of short duplex regions.  The sequence-
dependence of XPD’s unwinding activity we report here makes XPD suitable for its 
function in NER and transcription.  Having a highly processive and vigorous helicase 
uncoupled from its respective macromolecular machinery (such as TFIIH complex in the 
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case of XPD) would be undesirable for the cell.  Protein partners may play an important 
role in facilitating and regulating XPD helicase unwinding activity3, akin to our use of 
tension in assisting the protein.  The conserved domain architecture of all SF2B helicases 
(including human FancJ, Rtel and ChlR191) predicts that these helicases will share a 
common unwinding mechanism with XPD, despite a broad range of cellular functions.  
We thus speculate that distinct protein partners play a role in defining helicase role.  It is 
known that XPD has functions outside of the TFIIH complex; by associating with 
different partners, XPD can play a role in chromosome segregation125 and in the cell’s 
defense against retroviral infection126. These molecular associations may target the SF2B 
helicase to a DNA structure requiring it activity and activate the SF2B helicase either for 
DNA unwinding or for remodeling of nucleoprotein complexes.  The basic mechanistic 
features underlying duplex unwinding by these helicases are likely to be conserved for all 
SF2B enzymes and need to be understood before studies of the effect of partner proteins 
can be carried out.  We anticipate that our high-resolution assay may help decipher the 
mechanisms and regulation of these helicases in the future.    
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2.9  Figures and Tables 
 
Figure 2.1 Structure information of XPD helicase.  (A) Schematic of primary structure 
of FacXPD helicase2.  FacRad3 XPD is an archaeal homolog of eukaryotic XPD.  
Helicase domain 1 and 2 (HD1 & 2) that are two RecA-domains of the Rad3 motor core 
in SF2 helicases were represented by dark and light gray.  Roman numerals show the 
conserved SF2 helicase signature motifs.  FeS cluster domain was plotted by diagonal 
shading.  (B) The archaeon sulfolobus acidocaldarius XPD X-ray structure88 showing  
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Figure 2.1 (continue) 
 
four domains with DNA: Helicase domain 1 (HD1, salmon), Helicase domain 2 (HD2, 
blue), the Arch domain (purple) and the FeS domain (brown).  DNA was plotted by guess.  
The DNA strand with black color is named “translocating strand”, and the DNA strand 
with grey color is “displacement strand”.  (C) Schematic of XPD helicase with DNA.  
The 5’→3’ helicase consists of two RecA-like domains (HD1, salmon; HD2, blue) 
forming the Rad3 motor core that hydrolyzes ATP (yellow star), an ARCH domain 
(purple), and a FeS cluster (brown) that belongs to HD1.  (D) The structure of a 
mammalian TFIIH96.  [(A) comes from Figure 1A in Pugh et al.2, with permission.  (D) 
comes from Box 1 in Compe et al.96, with permission]. 
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Figure 2.2 Biological functions of XPD helicase.  Eukaryotic XPD is a component of 
transcription factor IIH (TFIIH) that is important for unwinding DNA in transcription 
initiation and nucleotide excision repair (NER).  (A) Binding of TFIIH during formation 
of a polymerase II transcription initiation127.  TFIIH (Inset) is a 10-protein complex with 
helicase XPD (5’→3’) and XPB (3’→5’)97.  (B) Nuclear excision repair in bacteria, 
archaea, and eukarya128,129.  [(A) comes from “The Cell”127]. 
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Figure 2.3 About Ferroplasma Acidarmanus.  (A) Ferroplasma Acidarmanus is rich in 
acid iron mines drainage in California108.  (B) The Ferroplasma Acidarmanus (Fer1) 
under a microscope109. 
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Figure 2.4 Helicases assay with optical tweezers.  (A) Schematic of XPD helicase 
unwinding on DNA hairpin from 5’→3’ with ATP.  The black arrow represented the 
tension exerted on DNA hairpin (Appendix A & Figure A.1) by optical tweezers.  (B) 
Feedback data on the force extension curve of DNA hairpin.  Red curve was force 
extension curve of DNA hairpin (Sequence 1).  Green dashed lines were fitting curves by 
worm-like chain model.  The fitting regions were the cases before DNA hairpin was 
unwound and after unwound.  Two inset figures represented the shape of DNA hairpin  
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Figure 2.4 (continue) 
 
before unfolding and after unfolding.  Navy curve was force feedback data (at 12 pN).  (C) 
The extension change (base pair) with time in force feedback experiment.  (D) Schematic 
of force feedback experiment.  DNA hairpin could not unfold by itself under the tension 
lower than transition force.  Once helicase started to unwind DNA hairpin, the distance 
between two beads started to increase to L2.  The distance change ΔL shows how helicase 
unwound DNA. 
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Figure 2.5 Single helicase assay with optical tweezers.  The detail information about 
laminar flow cell was in Figure B.1.  An anti-DIG bead was trapped at position 1 (B), 
and then a streptavidin bead with DNA hairpin was trapped in the position 2 (B).  Two 
beads were moved to the position 3, where a single DNA tether was formed.  A force 
extension curve (blue curve in C) was formed to check the DNA hairpin is good or not.  
This tether was moved from the position 3 to 7 (B) without tension.  Once the incubation 
was finished, force feedback experiment started and data was acquired (C, E and F).  
Adjusting the ssDNA length on DNA hairpin (10-dT DNA construct in D) ensured that 
only a single molecule could load (Chapter 2.4).  The tether was incubated at the  
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Figure 2.5 (continue) 
 
position 7 (B) for a short time (20s; dependent on XPD concentration).  Then the tether 
with single XPD was moved back to the position 3 (B).  When the tether with single XPD 
molecule entered the ATP-rich stream, single helicase activity could be measured in (E) 
with 500 µM ATP (red) and in (F) with 0 µM ATP (blue).  (G) highlights the unwinding 
part of one burst in (E).  (H) highlights the slide back part of the same burst in (E). 
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Figure 2.6 Backsliding.  (A, C, E) Representative backsliding events for 500 (red), 25 
(green), and 12.5 (orange) µM ATP.  A step-fitting algorithm118 was used to fit the data 
(black).  (B, D, F) The histogram of step size fitting results from A, C, and E (1-bp bin).  
(G) The average step size results from the fitting results in A, C, and E.  (H) The average 
dwell time from the fitting results in A, C, and E.  Error bars throughout denote s.d..  
Experimental details are summarized in Table 2.1. 
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Figure 2.7 Effect of 5’ loading site length and XPD concentration on activity.  (A–D), 
Representative XPD unwinding traces for different helicase loading site lengths: 0-dT, 3-
dT, 10-dT, and 38-dT.  The traces in (A) and (B) show no unwinding activity, which we 
defined as hairpin unfolding by >5 bp.  In contrast, the traces in (C) and (D) exhibit 
activity; we defined this activity as low-processivity (C) if the 89-bp hairpin was not 
completely unwound, or processive (D) if it was.  Traces were occasionally seen to revert 
from processive to low-processivity activity (D), potentially indicating dissociation of 
one of the cooperating XPD molecules while leaving the other remaining.  (E) Fraction of 
active traces (gray bars) and processive traces (orange bars) vs. 5’ loading site length: 0-
dT, 3-dT, 10-dT, 19-dT and 38-dT (N = 14, 15, 40, 31, and 31 tethers, respectively).  No 
activity was detected when the loading site was < 10 nt.  Processive activity was detected 
only when the binding site was ≥ 19 nt, long enough to accommodate 2 or more XPD 
helicases.  Probabilities were calculated from the Laplace estimator (nsuccess+1)/(Ntrial+2).  
Error bars throughout denote s.d..  (F) Experimental layout for XPD titration 
measurement.  The laminar flow cell was used to create two adjacent streams of buffer 
containing XPD mixed with ATP (red; [XPD] = 0.2 – 60 nM and [ATP] = 500 µM) and  
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Figure 2.7 (continue) 
 
blank buffer only (green), respectively.  A single tether was formed at position (1), and 
then moved along the dashed-line path across the stream interface (2) and into the 
XPD+ATP-rich stream (3).  (G) Representative XPD-dependent helicase activity.  
Unwinding traces in the presence of [XPD] = 60 nM (red) and 1.8 nM (green) are shown.  
The waiting times τ1 (and τ2) were defined as the total time elapsed from entering the 
XPD+ATP-rich stream until the initial low-processivity (and processive) unwinding 
activity was detected.  Control experiments in which the tether was moved into an ATP-
free stream with 1.8 nM XPD (navy) displayed no unwinding activity.  (H) 1/τ vs. XPD 
concentration.  1/τ1 (black) and 1/τ2 (orange) were fitted to the models described in the 
main text ([XPD] = 0.2, 0.3, 0.6, 1.8, 6.0, and 60 nM, N = 27, 59, 71, 56, 16, and 13 
binding events, respectively).  Error bars throughout denote s.e.m.. 
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Figure 2.8 XPD stepping behavior.  (A) Representative traces of XPD unwinding at 
500, 250, 25, 12.5, and 6.25 µM ATP (black, light green, cyan, purple, and brown 
respectively; data filtered and decimated to 100 Hz ([ATP] = 500, 250 µM) and 50 Hz 
(25, 12.5, 6.25 µM).  Raw data in gray acquired at 1 kHz).  A step-fitting algorithm118 
was used to fit the data (red).  Dashed rectangle (1) highlights a 1-bp backstep; dashed 
rectangle (2) highlights a large 5-bp backward and forward step event.  (B) PWD analysis 
for selected traces at all ATP concentrations.  The color map is the same as (A), with pink 
for 50 µM ATP.  (C & D) XPD stepping dynamics for alternate sequences and forces.  (C) 
Representative traces of XPD unwinding and PWD analysis at 12.5 µM ATP and 12 pN 
for sequence 2 (green), 500 µM ATP and 9 pN for sequence 5 (purple), and 500 µM ATP 
and 18 pN for sequence 5 (orange).  Data was filtered and decimated to 50 Hz for 
sequence 2 (12pN) and sequence 5 (9 pN), and 100 Hz for sequence 5 (18 pN).  (Raw 
data in gray acquired at 1 kHz).  Two different tensions were applied for sequence 5, 
taking advantage of the two transitions corresponding to unfolding of its AT- and GC- 
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Figure 2.8 (continue) 
 
rich portion (Figure A.2C – E).  At 9 pN, XPD unwound DNA within the 29-bp AT-rich 
portion of the hairpin; at 18 pN, this AT-rich region was unfolded, and XPD unwound 
DNA within the GC-rich portion of the hairpin (Appendix A).  A step-fitting 
algorithm118 was used to fit the data (red).  (D) PWD analysis was performed for selected 
traces for sequence 2 (N = 12), for sequence 5 at 9 pN (N = 13), and for sequence 5 at 18 
pN (N = 5).   
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Figure 2.9 XPD stepping dynamics and dependence on ATP.  (A) Representative 
histogram of step sizes for 12.5 µM ATP, with Gaussian fit (red).  Step sizes were 
determined from the step-fitting algorithm.  Inset highlights the larger backsteps.  (B–C) 
Mean step size for elemental 1-bp steps (B) and large 5-bp backsteps (C) vs. ATP 
concentration.  Means were determined from the Gaussian fits of the step size distribution 
obtained from the step finding algorithm (A).  Error bars throughout denote 95% 
confidence intervals from Gaussian fit.  (D) Representative scatter plot of step pairs for 
12.5 µM ATP.  Each data point represents the step sizes of every adjacent pair of steps.  
Three regions are highlighted: (i) step pairs with consecutive 1-bp unwinding steps (red); 
(ii) pairs with 1-bp backsteps (orange); and (iii) pairs with larger (~5 bp) backsteps (dark 
green).  Grey points represent the small fraction of step pairs that did not fit in the 
categorization above.  (E) Probabilities for taking 1-bp backsteps, P_ (orange), and for 
taking larger backsteps, P-5 (dark green), vs. ATP concentration.  Probabilities were 
calculated from the Laplace estimator (nsuccess+1)/(Ntrial+2).  Error bars denote s.d..  (F) 
Dwell times for 1-bp steps vs. ATP concentration.  Error bars denote s.e.m..  Dashed 
lines in (E) and (F) represent a global fit to the kinetic model described in Chapter 2.7.  
Experimental details are summarized in Table 2.1. 
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Figure 2.10 Dependence of large 5-bp backsteps on tension and sequence.  (A–D) 
Representative XPD unwinding bursts for different sequences and forces: (A) sequence 1 
and 12 pN (red); (B) sequence 2 and 12 pN (green); (C) sequence 5 and 9 pN (purple); (D) 
sequence 5 and 18 pN (orange).  The AT-rich and GC-rich portions of the hairpin that are 
unwound are denoted by the pink and cyan shaded areas, respectively.  (E) Probabilities 
for taking large backsteps, P-5 vs. force.  Error bars denote s.d..  (F) Probabilities for 
taking large backsteps, P-5, vs. hairpin fork opening probability Popen.  Error bars denote 
s.d.. 
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Figure 2.11 Sequence dependence of XPD processivity, backstepping probability, 
and dwell time.  (A) DNA hairpin sequence from base pair 1 to 15.  (B) Histogram of the 
processivity (N = 144 bursts).  (C) Hairpin fork opening probability Popen vs. hairpin 
position.  (D) Mean backstepping probability vs. hairpin position (N = 1612 total steps).  
(E) Mean dwell time τ vs. hairpin position.  Data for (B), (D) and (E) were obtained 
under the saturating ATP conditions (500 µM), under which condition translocation is 
rate-limiting.   
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Figure 2.12 Effect of hairpin sequence and tension on XPD helicase processivity.  (A) 
Effect of hairpin sequence on XPD helicase processivity.  Mean maximum number of 
base pairs unwound vs. hairpin position with minimum opening probability Popen.  The 
minimum Popen was ~ 0.1.  The data are from sequence 1 (red, N = 139 bursts), sequence 
2 (green, N = 69 bursts), and sequence 5 (orange, N = 25 bursts) and demonstrate the 
correlation between processivity and low opening probability.  Error bars denote s.d..  (B) 
Maximum number of base pairs unwound in hairpin sequence 1 at 7, 9, 10, 11, and 12 pN 
of force (N = 16, 20, 45, 72, and 144 bursts, respectively).  (C) Hairpin position vs. 
hairpin opening probability Popen at 7 (purple), 9 (blue), 10 (red), 11 (green), and 12 
(orange) pN.  The data indicate that the helicase stalls when Popen dips below ~ 0.1.  The 
dashed lines represent the position at which this threshold is crossed as a function of 
force.  This theoretical prediction matches well with the measured processivity. 
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Figure 2.13 Dependence of kinetic parameters on DNA thermal opening probability.  
(A – C) (A) Backstepping probability P_, (B) forward rate kF, and (C) reverse rate kR vs. 
Popen at [ATP] = 500 µM.  The solid lines represent the global fit to the kinetic model 
described in the text and Materials and Methods; dashed lines represent 95% 
confidence interval.  Error bars throughout denote s.e.m..  (D – F) Same parameters at 
[ATP] = 25 µM.  (G – I) Same parameters at [ATP] = 12.5 µM.  A 0.1 bin was used for 
all of the figures. 
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Figure 2.14 Dependence of kinetic parameters on DNA thermal opening probability 
on AT%.  Same panels from Figure 2.13 with AT% used in place of Popen.  AT% was 
calculated over a window of 10 bp at each hairpin position (for position i, the value 
corresponded to the AT% over base pairs i to i + 9). 
 69 
 
 
Figure 2.15 Passive model fitting.  Passive unwinding model used to fit the same data in 
Figure 2.13. 
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Figure 2.16 Model of XPD unwinding.  (A) Minimal kinetic scheme for XPD stepping 
and backstepping.  The main mechanochemical pathway consists of two rate-limiting 
steps: ATP binding and 1-bp unwinding (black arrows).  1-bp backsteps occur while the 
helicase is in the apo state (red arrow), or in the ATP-bound state (orange arrow).  Large 
5-bp backsteps involve rearrangement of the nucleo-protein complex (green arrows).  The 
thickness of the arrows schematically represents the probability for each pathway.  (B) 
Mechanism of duplex unwinding.  Although XPD helicase has a destabilizing effect on 
the fork, unwinding depends strongly on spontaneous opening of the duplex.  See 
Chapter 2 and Appendix C.2 & C.3 for details. 
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Figure 2.17 Structural model for regulatory secondary ssDNA binding site and large 
-5-bp backsteps.  Structure of XPD (PDB 4a15) with a 5-nt ssDNA (elemental colors) 
bound to the non-canonical site on the HD2.  In contrast to some SF2 helicases, the DNA 
binding site of XPD is longer and includes a regulatory secondary site.  From the 
structural overlap between this XPD structure and that of a related SF2 helicase (Vasa 
DEAD-box RNA helicase bound to ssRNA, PDB 2db3), one can extend the ssDNA into 
HD2 up to its interface with HD1 (green) by an additional 5 nt (plus 1 nt between the two 
ssDNA fragments).  The ssDNA is expected to lie along the top surface of HD1 through 
the opening under the ARCH.  There is a space for additional 3-5 nt, for a total of ~10 nt 
bound to the motor core, longer than expected from known SF2 structures.  A secondary 
binding site on the back can accommodate ~5 nt between the aperture of the hole and the 
wedge structure that splits the duplex.  We propose that those 5 nt snap back to reform 
the duplex during the 5-bp backsteps.   
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Figure 2.18 Simulations and representative examples of single XPD unwinding 
traces.  The kinetic model described in the text (Appendix C.2 & C.3; Table 2.2) was 
used to simulate single-XPD unwinding.  Shown are representative data time traces and 
corresponding simulated traces under three conditions: sequence 1 at 12 pN and 500 µM 
ATP (red), sequence 2 at 12 pN and 500 µM ATP (green), sequence 5 at 9 pN and 500 
µM ATP (purple), and sequence 5 at 9 pN and 25 µM ATP (salmon).   
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Sequence 1 1 1 1 1 1 2 
ATP [µM] 6.25 12.5 25 50 250 500 12.5 
# traces 5 50 31 13 12 40 11 
Total # bursts 13 118 82 40 41 144 28 
Burst / trace 2.0 ± 0.4 2.0 ± 0.3 2.6 ± 0.3 3.1 ± 0.4 3.7 ± 0.6 3.6 ± 0.5 4.7 ± 0.9 
Mean processivity (bp)2 11 ± 2 11 ± 2 12 ± 3 13 ± 2 12 ± 3 12 ± 3 21 ± 6 
# bursts for PWD (%)3 8 (61.5%) 58 (49.2%) 36 (43.9%) 11 (27.5%) 4 (9.8%) 48 (33.3%) 12(42.9%) 
# bursts for stepfitting4 11 64 70 17 16 126 12 
Total # steps 186 827 1022 179 207 1612 559 
Non-fitting points (%) 4.7% 3.1% 5.7% 4.0% 6.3% 6.2% 5.2% 
# 1-bp steps5 115 522 646 94 101 845 332 
Dwell time (ms)6 370 ± 35 274 ± 12 212 ± 8 201 ± 21 183 ± 18 178 ± 6 281 ± 14 
Step size (bp)7 1.1 ± 0.4 1.1 ± 0.5 1.1 ± 0.5 0.8 ± 0.2 1.1 ± 0.5 1.0 ± 0.4 0.9 ± 0.3 
# +1/+1 bp step pairs5 54 271 351 62 69 643 169 
# +1/-1 bp step pairs5 23 104 129 13 11 88 74 
# -1/+1 bp step pairs5 26 99 117 7 15 87 62 
# -1/-1 bp step pairs5 12 48 49 12 6 27 27 
# large steps5 17 72 70 22 23 155 18 
Dwell time (ms)6 158 ± 38 150 ± 18 149 ± 18 162 ± 34 139 ± 29 127 ± 10 132 ± 29 
Backstep size (bp)7 -4.5 ± 0.8 -4.6 ± 1.1 -4.5 ± 0.7 -4.7 ± 0.8 -5.0 ± 1.0 -4.6 ± 0.9 -3.8 ± 0.6 
Forward step size (bp)7 4.0 ± 1.0 4.3 ± 0.9 4.5 ± 0.9 4.7 ± 1.1 4.5 ± 0.8 4.4 ± 0.9 3.6 ± 0.4 
Table 2.1.  Summary of Experimental Data1 
 
Notes: 
1. All data from hairpin “sequence 1” containing a 10-nt helicase binding site 
(Materials and Methods) at a 12 pN force. 
2. Errors are s.e.m. except where otherwise noted. 
3. Processivity is defined as the maximum number of base pairs unwound (mean ± s.d.). 
4. A selection of bursts with low noise properties was used for PWD and step-fitting 
analysis (Materials and Methods). 
5. Steps with size 0 ≤ d ≤ 2 were scored as +1-bp steps; -2 ≤ d ≤ 0 as -1-bp backsteps; 3 
≤ d ≤ 6 as large steps; -6 ≤ d ≤ -3 as large backsteps. 
6. Mean dwell times were determined by fitting dwell time histograms to an exponential 
(mean ± 95% confidence intervals).  
7. Mean step sizes over the region of interest were determined by fitting step size 
histograms to a Gaussian (mean ± 95% confidence intervals).   
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eff
onk (µM
-1 s-1) 1 0.56 ± 0.04
2 
+k (s
-1) 3 11.3 ± 0.9 
∞
−k (s
-1) 3 0.8 ± 0.2 
0
−k (s
-1) 3 0.6 ± 0.2 
5+k (s
-1) 3 6.8 ± 0.6 
5−k (s
-1) 3 2.3 ± 0.5 
f ~ 0.4 
Uint (kBT) ~ 2.5 
Tables 2.2.  Summary of Model Parameters 
 
Notes: 
1. The global fit did not allow us to determine kon and koff individually.  Instead, we 
estimated the “effective” ATP binding rate constant ⎟⎟
⎠
⎞
⎜⎜
⎝
⎛
+=
+k
k
kk offon
eff
on 1/ . 
2. Errors represent s.d. and were determined by bootstrapping. 
3. These rate constants represent the forward and backward translocation rate constants 
in the limit that Popen = 1, i.e. in the absence of a duplex to unwind. 
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Chapter 3 
Oligomeric State of FacXPD Helicase 
 
 
In this chapter, we will discuss first the processivity regulation mechanism 
mentioned in Chapter 1.2.7: oligomeric state control17.  Chapter 3.2 and 3.3 will 
separately focus on concentration and force dependence of multiple FacXPD helicases 
unwinding.  One control experiment, in which 3’ tail does not influence single FacXPD 
activity, will be discussed in Chapter 3.4. 
 
3.1  Introduction 
 The activity of a single helicase, especially its processivity, can be controlled by 
different mechanisms.  Chapter 1.2.7 briefly introduced three important non-hexameric 
helicase regulation mechanisms: oligomeric state control (Chapter 3), removal of 
autoinhibitory domain, and interactions with an accessory protein (Chapter 5).  This 
chapter discusses in detail the oligomeric state control. 
 Oligomeric state control17,38 means a single helicase’s activity can be increased by 
a second helicase molecule or multiple helicase molecules.  This regulation mechanism is 
also known as “helicase self-assembly”.  Two regulation mechanisms are proposed to 
describe helicase self-assembly: (i) dimeric inchworm model36,37 and (ii) cooperative 
inchworm model38.  In the former, the helicase can form a functional dimer as proposed 
for UvrD helicase36 and Rep helicase37 (SF1 helicases, Figure 1.2A).  Figure 3.1 
illustrates the dimeric inchworm model37 where a monomer of E. coli Rep helicase is able 
to translocate on ssDNA, but fails to unwind dsDNA at a fork junction, hence a low 
unwinding processivity.  However, the unwinding processivity increases dramatically 
upon binding of a second Rep monomer and forming a functional dimer (the triangle 
shape in Figure 3.1).  In the cooperative inchworm model38, the helicase monomers 
cannot form a real dimer or high-order oligomeric state.  Instead, multiple monomers 
work cooperatively to increase the helicase processivity, as proposed for T4 phage Dda 
helicases39 (Figure 3.2). 
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3.2  Concentration Dependence 
In this section, “Multiple Helicases Assay” (Chapter 2.3.1) is used to study the 
oligomeric state regulation of FacXPD Helicase.  We detect changes in the FacXPD 
helicase processivity as a function of FacXPD concentration.  If the processivity changes, 
it will indicate the oligomeric state of the FacXPD helicases indeed regulates the 
unwinding activity of a single FacXPD helicase (Chapter 1.2.7).  On the other hand, if 
the processivity remains the same, it means the oligomeric state of FacXPD helicase 
cannot influence a single FacXPD helicase activity. 
 
 
3.2.1   XPD Helicase Unwinding is Concentration Dependent 
 In this section, “Multiple Helicases Assay” (Chapter 2.3.1) was used, and the 
experimental setup is shown in Figure 3.3A.  The top channel (green) is the blank buffer 
(Appendix B.7) and the bottom channel (red) is the FacXPD buffer with 800 µM ATP.  
The experimental procedures are: (1) A DNA hairpin tether 
(“DNAHairpin_10T_0T_Seq1” in Appendix A) with a 10-dT ssDNA helicase loading 
site is formed at position 1 (Figure 3.3A), and a force extension curve (FEC) is obtained 
to check this DNA hairpin tether (Appendix A and Figure A.9B – E); (2) This tether is 
moved to position 3 (Figure 3.3A) without tension by following the dashed line; (3) 
Once this tether arrives at position 3, a force feedback experiment (at 12 pN) starts and 
data is acquired.  The FacXPD helicase unwinding traces are shown in Figure 3.3B.  
These experiments are under the conditions of a DNA hairpin with sequence 1, 12 pN 
force, and 800 µM ATP (saturating conditions).  Various FacXPD helicase 
concentrations were used: (1) 60 nM (purple); (2) 6 nM (light blue); (3) 2.8 nM (light 
green); (4) 1.8 nM (blue); (5) 0.6 nM (red); (6) 0.3 nM (green); (7) 0.2 nM (orange). 
 To describe the data in Figure 3.3B quantitatively, we define a “non-processive 
unwinding” burst as an event where the maximum number of base pairs unwound is less 
than 20 bps, and a “processive unwinding” burst as an event where the maximum number 
of base pairs unwound is greater than 20 bps.  Three different unwinding behaviors are 
observed.  The first behavior is under the condition of [FacXPD] > 1.8 nM.  The 89-bp 
DNA hairpin construct can be unwound completely in ~ 10 seconds.  All unwinding 
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traces are “processive”.  The second behavior is under the condition of 1.8 nM ≥ 
[FacXPD] > 0.6 nM.  The 89-bp DNA hairpin construct can also be unwound completely, 
but it takes a longer time because more than one processive burst appears in an 
unwinding trace (blue in Figure 3.3B).  All unwinding traces are also “processive”.  The 
third behavior is under the condition of [FacXPD] ≤ 0.6 nM.  Two different unwinding 
behaviors are observed: (3.1) A ~ 12-bp burst that can be repeated many times, which are 
“non-processive unwinding” bursts; (3.2) A burst where > 20 base pairs are unwound that 
can also be repeated many times, which are “processive unwinding” bursts.  The 
difference of “processive unwinding” between cases (3.2) and (1) or (2) is that the 
reannealing behaviors are observed in case (3.2), but there is no reannealing in cases (1) 
and (2).  The data clearly indicate that FacXPD helicase unwinding is concentration 
dependent, and that the oligomeric state of FacXPD helicase regulates unwinding activity. 
 
 
3.2.2   The Second XPD Molecule Can Regulate the First XPD Molecule 
 The data in Figure 3.3 indicate that binding of multiple FacXPD molecules can 
increase processivity.  What is the regulation mechanism: the dimer model36 or 
cooperative inchworm model38?  
Many “non-processive” bursts occur before a “processive” burst in the unwinding 
trace show in Figure 3.4A under the condition of 0.3 nM FacXPD concentration.  
Chapter 2.4 proved that these “non-processive” bursts come from a single FacXPD 
molecule unwinding (Inset of Figure 3.4A).  Under very low FacXPD concentration, the 
probability to observe a single FacXPD molecule binding and unwinding the DNA 
hairpin is high.  During the single FacXPD helicase unwinding, only “non-processive” 
bursts can be observed if no more FacXPD molecules bind behind the first one.  We 
already defined τ1 in Chapter 2.4 as the waiting time between two “non-processive” 
bursts.  The rate 1/τ1 varies linearly with FacXPD concentration (black circles, Figure 
3.4B & 2.7H), indicating that τ1 corresponds to the time for a single FacXPD protein to 
bind to the DNA hairpin construct.  The data were fitted to 
€ 
1/τ1 = konXPD XPD[ ]  yielding the 
association rate constant 
€ 
konXPD= 0.28 ± 0.01 s
-1 nM-1 (mean ± s.d.). 
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The processive burst (from ~ 175 to 375 seconds) observed in Figure 3.4A is 
composed of three parts: (1) A “non-processive” behavior happened at the beginning 
(from ~ 175 to 200 seconds); (2) A fast “processive” behavior (from ~ 200 to 300 
seconds); (3) A “non-processive” behavior again (from ~ 300 to 375 seconds).  The first 
“non-processive” unwinding probably comes from a single FacXPD helicase (No. 1 
FacXPD helicase).  Before No. 1 FacXPD helicase dissociates from the DNA hairpin, a 
second FacXPD molecule (No. 2 FacXPD helicase) or more FacXPD molecules bind 
behind No. 1 FacXPD helicase.  To describe the data quantitatively, we defined τ2 in 
Chapter 2.4 as the waiting time before the first “processive” burst.  In contrast, the rate 
1/τ2 for the onset of processive unwinding depended on a higher power of the FacXPD 
concentration (orange squares, Figure 3.4B & 2.7H), indicating a requirement for 
multiple proteins.  We fitted the data to a simple model in which the rate for the onset of 
processive unwinding event corresponds to binding of a second FacXPD to the DNA 
hairpin construct.  Thus,  
€ 
1/τ 2 = PXPDkonXPD2 XPD[ ]       (1) 
where PXPD is the probability that one FacXPD helicase is already bound to the DNA 
when a second one binds, and 
€ 
konXPD2  is the association rate constant for the second 
helicase, 
€ 
PXPD =
XPD[ ]
XPD[ ] + koffXPD /konXPD
      (2) 
where 
€ 
koffXPD is the dissociation rate constant.  The data were fitted to this expression, 
yielding equilibrium dissociation constant 
€ 
Kd = koffXPD /konXPD= 5 nM (similar to that observed 
in bulk studies2), and 
€ 
koffXPD2 ≈ konXPD .  1/τ2 can be fitted well (orange squares, Figure 3.4B 
& 2.7H), and it suggests that a second FacXPD helicase is enough to regulate the first 
FacXPD helicase’s processivity.  We note that there has been no evidence of FacXPD 
dimerization in solution under buffer conditions similar to ours3.  Therefore, our evidence 
favors the cooperative inchworm model38: the processive activity arises from cooperative 
action of multiple (at minimum, two) monomers.  For the third part, when only one 
FacXPD molecule remained on the DNA hairpin and all others dissociated from the 
DNA hairpin, the second “non-processive” behavior (from ~ 300 to 375 seconds) 
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occurred (Figure 3.4A) until this last FacXPD molecule dissociated from the DNA 
hairpin. 
 Another interesting behavior happens after the DNA hairpin is unwound 
completely and before reannealing happens (from ~ 200 to 300 seconds).  Several short 
dissociation (the data decreases suddenly) and unwinding (the data increases gradually) 
events appear.  This also suggests that the multiple FacXPD molecules cooperate with 
each other.  Fleezers (Chapter 1.3.4) can be used to resolve this behavior with 
fluorescently labeled FacXPD helicases, as a future direction (Table 5.1). 
 
 
3.2.3 Unwinding Rate is Concentration Independent 
A single SF2 HCV NS3 helicase has been shown in multiple studies18,24,25 to be a 
non-processive helicase.  However, multiple NS3 helicases can processively unwind 
dsDNA.  Although processivity increases dramatically, the unwinding rates stay same.  
How about FacXPD helicase?  The data are shown in Figure 3.5.  The unwinding rates 
for the “non-processive” bursts (single FacXPD helicase) and “processive” bursts 
(multiple FacXPD helicases) were measured at 15, 50, 150, and 800 µM.  Unwinding 
rates were determined from the slope of each trace.  Figure 3.5C indicates multiple 
FacXPD molecules cannot change the unwinding rate.  This result agrees with those from 
SF2A HCV NS3 helicase studies.  This conclusion perhaps also suggests favoring the 
cooperative inchworm model.  We reasonably guess that unwinding rate of a dimer may 
different from a monomer because the structure changes dramatically. 
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3.3  Force Dependence  
 We showed that multiple FacXPD helicases could processively unwind dsDNA.  
However, all experimental data in Figure 3.3 were acquired under a constant 12 pN force.  
Force has also been shown to regulate the helicase activity.  Indeed, Johnson et al.24 
found that the unwinding rate of T7 helicase is force dependent24 (Figure 3.6).  In a real 
cell, the force exerted on genomic DNA is very small (perhaps 1 – 2 pN).  Now FacXPD 
helicase unwinds under a very small force, such as 1 – 2 pN, is crucial information.  If a 
single FacXPD helicase has little unwinding activity under low force, can the oligomeric 
state of the FacXPD helicase increase the unwinding activity at the same low force?  We 
will try to find the answers in this section. 
 
 
3.3.1   XPD Helicase Unwinding is Force Dependent 
 “Multiple Helicases Assay” (Chapter 2.3.1) was used again to acquire the 
FacXPD helicase unwinding traces under different forces (Figure 3.7).  In Figure 3.7B, 
two different FacXPD concentrations were used: (1) 6 nM FacXPD (top four traces), 
which represents multiple FacXPD helicases unwinding; (2) 0.3 nM FacXPD helicase 
(bottom four traces), which represents a single FacXPD helicase unwinding.  The data 
explicitly indicate that: (1) In the case of a single FacXPD helicase unwinding (0.3 nM 
FacXPD helicase), the maximum number of base pairs unwound, or “processivity” is 
force dependent (also in Figure 2.12B).  There is little unwinding activity when force is 
lower than 3 pN (orange trace in Figure 3.7B with 0.3 nM FacXPD);  (2) In the case of 
multiple FacXPD helicases unwinding, the processivity is also force dependent.  There is 
little helicase activity when a force is lower than 6 pN.  We guess two reasons why there 
is no helicase activity under low force: (i) Perhaps the FacXPD helicase binding affinity 
is force dependent.  Under low force, the FacXPD helicase has a higher chance to 
dissociate from the DNA substrate, and thus loses the helicase activity; (ii) Not only 
single FacXPD helicase activity (Chapter 2.7) but also multiple FacXPD helicases’ 
activity are sequence dependent.  Popen correlates with AT% (Figure A.12), so it can 
describe sequence information.  As Popen decreases dramatically when force decreases 
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(Appendix A.2.2 & Figure A.11), thus multiple FacXPD helicases’ activity may be 
force dependent.   
Although the second mechanism is reasonable, however, we have to consider 
carefully of the DNA hairpin construct condition.  As only one FacXPD molecule can 
bind the 10-dT ssDNA region (Chapter 2.5), the little helicase activity of single FacXPD 
molecule under low force will block a second molecule from binding because there is not 
enough ssDNA region.  Thus using a 10-dT ssDNA binding site, it is very difficult to 
prove that multiple FacXPDs’ activity is force dependent.  To answer this question 
clearly, we designed a 5’ 19-dT DNA hairpin construct to repeat the experiment in 
Figure 3.7B.  A 19-dT ssDNA region is enough to bind of two FacXPD molecules 
initially (Chapter 2.5 & Figure 2.7E).  The data are shown in Figure 3.10.  The 
experimental conditions are 60 nM FacXPD and 25 µM ATP.  Force conditions are: 6 pN 
(green, N = 2), 8 pN (red, N = 3), 10 pN (blue, N = 3), and 12 pN (purple, N = 10).  
Representative traces are shown in Figure 3.10A.  The maximum number of base pairs 
unwound, or “processivity” versus force is plotted in Figure 3.10C.  The data show 
processivity is force dependent.  It suggests that the helicase activity of two FacXPD 
molecules is still sequence dependent.  The second FacXPD molecule can stimulate the 
first FacXPD helicase activity under high force (Figure 3.3B), however, under low force, 
the oligomeric state of FacXPD cannot regulate helicase processivity. 
This experiment suggests that if a FacXPD helicase needs to unwind a short 
dsDNA segment by itself in vivo (Chapter 2.2.1), it will fail because it will lose helicase 
activity under low force.  This will be a serious problem for a real cell to finish nucleotide 
excision repair (NER).  Thus in vivo, other regulation methods have to be used to 
increase FacXPD helicase activity under low force.  We speculate that a FacXPD 
helicase can perhaps interact with another protein to form a large complex, like the 
mammalian TFIIH in Figure 2.1D.  Although the FacXPD helicase has a low binding 
affinity under low force condition, this protein can bind tightly to the DNA substrate 
under a very low force condition.  Then this protein can hold the FacXPD helicase on the 
DNA substrate to increase its processivity and unwinding activity.  This is a second 
future direction for other members in the Chemla la (Table 5.1). 
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3.3.2   Unwinding Rate is Force Dependent 
 For multiple FacXPD helicases unwinding, the unwinding rates were also 
measured under different forces: (1) 10-dT DNA hairpin (Figure 3.8); (2) 19-dT DNA 
hairpin (Figure 3.10B).  The conclusion is that the unwinding rate is also force dependent.  
This behavior is similar to a study on T7 helicase from Michelle Wang’s lab24 (Figure 
3.6).  This conclusion suggests that the first mechanism in Chapter 3.3.1, in which the 
binding affinity of FacXPD helicase is force dependent, is incorrect.  If force only affects 
binding, the unwinding rate would not be expected to change at all!  Thus force has to 
affect unwinding rate because of FacXPD’s mostly passive unwinding mechanism 
(Chapter 2.9).  Since the unwinding rate is also force dependent for 19-dT case (Figure 
3.10B), it also indicates the helicase activity of the oligomeric state of FacXPD is also 
sequence dependent. 
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3.4  3’ Tail Dependence 
 A typical SF2 helicase contains a bipartite nucleic acid binding site that 
accommodates up to 8 nucleotides (or base pairs)18 of DNA or RNA.  We name the 
strand of dsDNA binding with this ~ 8-nt binding site “translocating strand” (black, 5’ 
tail in Figure 2.1B), and another strand called “displacement strand” (grey, 3’ tail in 
Figure 2.1B).  The translocating strand (5’ tail) influence on the FacXPD helicase 
activity will discuss in Chapter 3.  In this section, we will focus on the influence of the 
displacement strand (3’ tail). 
 Four different DNA hairpin constructs (Appendix A) were prepared in Figure 
3.9A: (1) DNAHairpin_10T_0T_Seq1; (2) DNAHairpin_10T_3T_Seq1; (3) 
DNAHairpin_10T_6T_Seq1; (4) DNAHairpin_10T_10T_Seq1.  The ssDNA lengths on 3’ 
tail are 0-dT, 3-dT, 6-dT, and 10-dT.  When the “Single Helicase Assay” (Figure 2.5 & 
Chapter 2.2.2) was used, the unwinding activities of a single FacXPD helicase on these 
four different DNA hairpin constructs were acquired (Figure 3.9A).  The maximum 
numbers of base pairs unwound (or “processivity”) were analyzed in Figure 3.9B: (1) 0-
dT, 26 bursts; (2) 3-dT, 26 bursts; (3) 6-dT, 34 bursts; (4) 10-dT, 44 bursts.  Error bars 
represent s.e.m..  When the displaced strand length was increased from 0-dT to 10-dT, 
processivity changed from ~ 11-bp to ~ 14-bp.  So increasing the displaced strand length 
weakly influenced single FacXPD processivity.  This is a good control experiment for the 
single FacXPD helicase activity study in this Chapter 2.  
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3.5  Figures 
 
Figure 3.1 Dimeric inchworm model for Rep helicase37.  [This is Figure 3C in Ha et 
al.37, with permission]. 
 
 
Figure 3.2 Cooperative inchworm model for Dda helicase38,39.  [This is Figure 1 in 
Mackintosh et al.38, with permission]. 
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Figure 3.3 FacXPD helicase unwinding vs. FacXPD helicase concentration.  (A) 
Schematic of the experimental flow cell.  The method was the “Multiple Helicases Assay” 
(Chapter 2.3.1).  The two merging streams contain blank working buffer (green stream; 
Appendix B.7) and buffer with both FacXPD and 800 µM ATP ([FacXPD] = 0.2 – 60 
nM, red stream).  (B) Unwinding traces were acquired at the different FacXPD 
concentrations under 12 pN force.  The sequence 1 DNA hairpin with a 10-dT ssDNA 
region at its 5’ was used. 
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Figure 3.4 Dwell time analysis.  (A) A typical unwinding trace at a low FacXPD 
concentration (0.3 nM, “Helicases Assay” data).  We defined τ1 as the waiting time before 
a non-processive burst, and τ2 as the waiting time before a processive burst.  Inset was a 
typical trace (Figure 2.5E) of a single FacXPD unwinding (“Single Helicase Assay”).  (B) 
τ1 and τ2 vs. FacXPD concentration (Chapter 2.4 & Figure 2.7H).  
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Figure 3.5 Dependence of the unwinding rates of a single FacXPD and multiple 
FacXPD helicases on the ATP concentration.  (A – B) Representative traces of a single 
FacXPD helicase and multiple FacXPD helicases unwinding with 15 (orange), 50 
(green), 150 (red), 800 (blue) µM ATP under 12 pN force.  (C) Purple solid circles and 
green solid squares (right) represent the unwinding rates of a single FacXPD helicase and 
multiple FacXPD helicases under different ATP conditions: (N = 3 – 9 traces at each 
ATP concentration; 15 – 800 µM): (1) 15 µM: a single FacXPD helicase (4 traces) and 
multiple FacXPD helicases (3 traces);  (2) 50 µM: a single FacXPD helicase (5 traces) 
and multiple FacXPD helicases (3 traces); (3) 150 µM: a single FacXPD helicase (9 
traces) and multiple FacXPD helicases  (3 traces); (4) 800 µM: a single FacXPD helicase 
(8 traces) and multiple FacXPD helicases (9 traces).  Error bars denote s.e.m..  
Unwinding rates are determined from the slope of each trace. 
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Figure 3.6 T7 helicase unwinding is force dependent24.  (A) T7 unwinding traces under 
different forces.  (B) Unwinding rates vs. forces.  [This is Figure 6 in Johnson et al.24, 
with permission]. 
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Figure 3.7 XPD helicase unwinding is force dependent.  (A) Schematic of the 
experimental flow cell.  The method is “Multiple Helicases Assay” (Chapter 2.3.1).  The 
two merging streams contained blank working buffer (green stream; Appendix B.7) and 
buffer with both FacXPD and 800 µM ATP ([FacXPD] = 0.3 and 6 nM, red stream).  (B) 
Unwinding traces were acquired at different forces: (1) Processive unwinding (6 nM 
FacXPD): top four traces at 12 pN (red), 9 pN (blue), 6 pN (green), and 3 pN (orange);  
(2) Non-processive unwinding (0.3 nM FacXPD): bottom four traces at 12 pN (red), 9 
pN (blue), 6 pN (green), and 3 pN (orange). 
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Figure 3.8 FacXPD helicases unwinding rates are force dependent (10-dT).  The 
method is “Multiple Helicases Assay” (Chapter 2.3.1).  The experimental condition is 60 
nM FacXPD and 800 µM ATP for sequence 1 with 10-dT ssDNA: (1) 5 pN, 5 traces; (2) 
8 pN, 5 traces; (3) 10 pN, 5 traces; (4) 11 pN, 12 traces; (5) 12 pN, 15 traces; (6) 13 pN, 
15 traces.  Error bars denote s.d..  Unwinding rates are determined from the slope of each 
trace. 
 
Figure 3.9 3’ tail influence.  (A) The unwinding activities of a single FacXPD helicase 
on these four different DNA hairpin constructs were acquired.  (B) The maximum 
numbers of base pairs unwound (or “processivity”) were analyzed: (1) 0-dT, 26 bursts; (2) 
3-dT, 26 bursts; (3) 6-dT, 34 bursts; (4) 10-dT, 44 bursts.  Error bars represents s.e.m.. 
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Figure 3.10 Multiple FacXPD helicases unwinding (19-dT).  The method is “Multiple 
Helicases Assay” (Chapter 2.3.1).  The experimental condition is 60 nM FacXPD and 25 
µM ATP for sequence 1 with 19-dT ssDNA: (1) 6 pN, 2 traces; (2) 8 pN, 3 traces; (3) 10 
pN, 3 traces; (4) 12 pN, 10 traces.  Error bars denote s.d..  Unwinding rates are 
determined from the slope of each trace. 
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Chapter 4 
Archaeal Replication Protein A 
FacRPA2† 
 
 
 In order to study the regulation of F. acidarmanus XPD (FacXPD) helicase by F. 
acidarmanus RPA2 (FacRPA2) in the next Chapter (Chapter 5), we need to know the 
properties of FacRPA2 in detail.  This chapter will focus on the structure of FacRPA2 
and its interactions with DNA.  After a short introduction on the general properties of 
single-stranded DNA binding protein (SSB) in Chapter 4.1, I will summarize important 
bulk and single-molecule experiments on FacRPA2 (Chapter 4.2).  On the basis of these 
experiments, high-resolution optical tweezers’ data of FacRPA2 will be discussed in 
Chapter 4.3. 
 
 
4.1  Introduction 
The crucial initial step of genome maintenance processes130-132 like DNA 
replication, repair, and recombination, is always separating the double-stranded genome 
into its component single-stranded DNA (ssDNA)133.  Once the nascent ssDNA appears, 
single-stranded DNA binding proteins (SSBs) are always the first to bind to it and help in 
some important functions43,134, such as safeguarding the ssDNA from degradation, 
reducing its secondary structure, regulating helicase unwinding activity44,135 (Chapter 
1.2.7 & 5), and recruiting repair helicases to DNA damage sites102,136.  These are 
indispensable functions, and as a result single-stranded DNA binding proteins are found 
in every living system137,138, bacteria, eukarya, archaea, and even viruses (technically not 
alive).  This protein is named as SSB in bacteria and as replication protein A (RPA) in 
archaea/eukarya. 
                                                
† The work in Chapter 4 was used from a manuscript preparation and a poster:  
Qi, Z.; Masayoshi, H.; Suksombat S.; Spies, M.; Chemla, Y. R., “Regulation of XPD helicase by the single-stranded 
DNA binding protein RPA2”, Preparation. 
Poster Presentation: Qi, Z., Masayoshi, H.; Suksombat S.; Spies, M.; Chemla, Y. R., “Regulation of XPD helicase by 
the single-stranded DNA binding protein RPA2”, 57th Biophysics Annual Meeting (Philadelphia, PA, February 2013). 
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 In order to introduce SSBs, the concept of OB fold has to be mentioned first.  An 
oligonucleotide/oligosaccharide-binding fold (OB fold)139 (Figure 4.1) is shared by all 
bacterial SSBs and archaeal/eukaryotic replication protein As (RPAs)140.  Murzin139 
proposes an OB fold (Figure 4.1A) with five-stranded β-sheets and an α-helix.  All β-
sheets form a β-barrel structure, and the α-helix is between the third and fourth β-sheet 
strands.  The OB fold has four aromatic DNA-binding residues that interact with the 
ssDNA region140,141.  The high-resolution archaeal structure (1.26-Å, PDB: 1O7I.A; 
Figure 4.1B) of S. solfataricus RPA (SsoRPA) has proven the convention suggested by 
Murzin139.  Four aromatic DNA-binding residues (Ile30, Phe79, Trp75, and Trp56) are 
highlighted in Figure 4.1B.  Most bacterial SSBs have only a single OB fold, but can 
form a homotetramer in solution140.  Human replication protein A (RPA)142 is a 
heterotrimer composed three subunits of RPA70, RPA32, and RPA14 (Figure 4.1C & 
4.2A).  RPA70 has four OB folds, RPA32 has one OB fold, and RPA14 has one OB fold.  
Human RPA is involved in almost all genome maintenance processes, like DNA 
replication, recombination, repair, and DNA damage checkpoints (Figure 4.2B).  
Archaeal RPA can be classified as either Crenarchaeota RPA or Euryarchaeota RPA 
(Figure 4.1C), which are two kinds of phyla of the Archaea143.  SsoRPA in Figure 4.1B 
is a good example of Crenarchaeota RPA.  SsoRPA has only one OB fold, and can form 
a homotetramer in solution.  F. acidarmanus RPA2 (FacRPA2) is one of the 
Euryarchaeota RPAs, and has only one OB fold (highlighted by a red line in Figure 
4.1C).  The OB fold structures of the archaeal RPAs (Figure 4.1A & B) are similar to 
those in the eukaryotic RPAs140.  This chapter will focus on FacRPA2. 
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4.2  About FacRPA2 
 In this section, I will summarize some important conclusions of the archaeal 
single-stranded binding protein F. acidarmanus RPA2 (FacRPA2). 
 
 
4.2.1   FacRPA2 is a Monomer Containing a Single OB Fold3 
 SDS-PAGE shows the molecular weight of FacRPA2 is 20.2 kDa138 (Figure 
4.3A).  Gel filtration analysis was used to check the oligomeric state of FacRPA2138.  The 
elution volume (16.37 mL) of FacRPA2 suggests the molecular mass of FacRPA2 is 
23.6 ± 0.3 kDa, and it indicates FacRPA2 remains a monomer in solution (Figure 4.3B).  
The footprint of FacRPA2 monomer binding to ssDNA is 4 nts3.   
 
 
4.2.2   FacRPA2 is a Weak ssDNA Binding Protein with a High Dissociation Rate 
 Fluorescence polarization anisotropy (FPA) experiments3,138 (Figure 4.3C & D) 
show the binding affinity of FacRPA2 to ssDNA is only 81.9 ± 18.0 nM, which suggests 
FacRPA2 is a weak ssDNA binding protein138.  The large error also suggests the binding 
mode of FacRPA2 is perhaps very complicated138.  The Hill coefficient, 0.9 ± 0.1, 
indicates each FacRPA2 molecule binds to ssDNA independently138.  Robbins et al.138 
also mention that NaCl affects FacRPA2 binding dramatically.  FacRPA2 cannot bind to 
an ssDNA region if NaCl concentration is high (data not shown in Robbins et al.’s 
paper138). 
 The Spies lab did two kinds of single-molecule measurements to determine how a 
FacRPA2 molecule binds to ssDNA1: (i) In Figure 4.4C, a single-molecule FRET 
(smFRET, Chapter 1.3.1) experiment was performed: 100 nM Cy5-labeled FacRPA2 
was loaded into a chamber with ssDNA labeled with Cy3.  Figure 4.4D shows a 
FacRPA2 protein binding and unbinding ssDNA.  The dwell time of the binding state is 
fairly short, around 1 second;  (ii) In Figure 4.4E, a total internal reflection fluorescence 
(TIRF) experiment was performed: 5 nM Cy5-labeled FacRPA2 was loaded into a 
chamber with a unlabeled ssDNA.  Figure 4.4F also shows a FacRPA2 protein binding 
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and unbinding ssDNA.  Both experiments show that a FacRPA2 molecule can only bind 
on ssDNA for a very short time, suggesting that FacRPA2 has a high dissociation rate. 
 
 
4.2.3   FacRPA2 Wraps ssDNA 
 Robbins et al.138 used fluorescence resonance energy transfer (FRET) to study the 
FacRPA2 binding mode.  A partial DNA duplex labeled with Cy3 and Cy5 was used as a 
probe to measure the FacRPA2 binding behavior (Figure 4.3Fa).  In Figure 4.3E, the 
FRET signal increases when FacRPA2 concentration increases.  However, at very high 
FacRPA2 concentration, the FRET signal decreases slightly (data not shown)138.  The 
schematic in Figure 4.3Fb & c can be used to explain the FRET signal increase, and it 
suggests FacRPA2 wraps ssDNA. 
 
 
4.2.4   FacRPA2 Destabilizes DNA Duplex and Stimulates FacXPD Activity 
 Pugh et al.3 prepared a fork junction structure with a 20-bp dsDNA and a 20-nt 3’ 
tail and a 20-nt 5’ tail for a bulk experiment (Figure 4.4A – B).  They find that 2 µM 
FacRPA2 can melt 25% of the 50 nM fork junction DNA in 45 minutes (Figure 4.4A).  
This suggests FacRPA2 molecules can destabilize the DNA duplex. Using the same 
buffer conditions with an extra 50 nM FacXPD helicases and 3 mM ATP, 100% of the 
fork junction samples are unwound.  This indicates that FacRPA2 can also stimulate 
FacXPD helicase activity. 
 The Spies lab checked other SSB/RPA proteins and found that melting the DNA 
duplex is a general property for many different kinds of SSBs/RPAs (Figure 4.4B).  
Under the same experimental conditions of 50 nM fork junction DNA, 50 nM FacXPD 
helicases and 3 mM ATP, 2 µM MkaRPA and MthRPA (also Euryarchaeota RPAs), 
FacXPD helicases can melt 35% and 28% of the same DNA fork junction structures.  
However, E coli. SSB can only melt 10% of the duplex. 
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4.2.5   FacXPD Can Bypass a ssDNA Coated with FacRPA2 
 The Spies lab did an interesting experiment to see if a FacXPD helicase can 
bypass a ssDNA coated with FacRPA2 molecules1.  On the basis of the TIRF experiment 
mentioned in Chapter 4.2.2 (Figure 4.4E), 150 pM FacXPD helicases and 1 mM ATP 
were also loaded into the chamber (Figure 4.4G).  The data in Figure 4.4H show that the 
Cy5 fluorescence signal gradually decreased and, after a short while, increased back 
again.  This suggests a FacXPD helicase can bypass a FacRPA2 molecules bound to 
ssDNA.  We also observe this behavior in Chapter 5.2.2 (Figure 5.2D). 
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4.3  FacRPA2 Study by Optical Tweezers 
 On the basis of all the experimental data in Chapter 4.2, I used high-resolution 
optical tweezers (Chapter 1.3.3) to study FacRPA2.  The experimental data in this 
section will be one of the most important control experiments for the next chapter 
(Chapter 5) looking at helicase-RPA cooperation. 
 The optical tweezers experiments are shown in Figure 4.5.  Figure 4.5A explains 
the experimental procedures.  This experiment is very similar to “Multiple Helicases 
Assay” in Chapter 2.3.1.  The only difference is that the buffer in the bottom-middle 
channel contains FacRPA2 instead of helicases and ATP.  The experimental procedures 
are: (1) A single DNA hairpin tether (“DNAhairpin_10T_0T_Seq1” in Appendix A) was 
formed at the position 1 (Figure 4.5A).  A force extension curve (FEC) was performed to 
ensure this is a single tether;  (2) This single tether was moved, without tension, from 
position 1 to position 3 following the dashed line in Figure 4.5A;  (3) Once the tether 
arrived at position 3, a force feedback experiment was started and data was acquired. 
 The data is shown in Figure 4.5B.  The red curve is a typical trace for a tether 
held under a condition of 12 pN force in 100 nM FacRPA2.  As a typical good tether can 
last a long time without breaking, usually 5 – 10 minutes, one trace for each experimental 
condition is rich with information and is good enough for data analysis.  For the sake of 
comparison, Figure 4.5B only shows a representative 40-second window for each trace.  
An obvious property of this red time trace (12 pN and 100 nM FacRPA2) is that there are 
many short bursts.  These bursts suggest FacRPA2 molecules can destabilize the DNA 
hairpin.  
One important point is that these short bursts do not represent the binding of 
FacRPA2 to an ssDNA region.  A 70-dT ssDNA construct (Protocols in Rustem 
Khafizov’s dissertation (the Chemla lab)) was prepared to detect the binding events 
(Figure 4.6).  For 100 nM FacRPA2 molecules, the extension (the distance between two 
beads) stays same under 3 pN (grey), 5 pN (red), 9 pN (orange), and 12 pN (green) force 
conditions.  Form this we can conclude two things: (1) The binding events cannot be 
detected; (2) Multiple FacRPA2 molecules cannot melt the dsDNA handles (Appendix 
A).  A good method to observe binding events is with the fleezers setup (Chapter 1.3.4), 
which will be discussed in Chapter 5. 
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Next, the influence of force is considered: the top three traces (Figure 4.5B) were 
taken with 300 nM FacRPA2 molecules: grey, 4 pN; orange, 9 pN; green, 12 pN.  The 
maximum number of base pairs unwound (or “processivity”) versus force is plotted in 
Figure 4.5C (left).  When the force is less than 9 pN, only ~ 3-bp of the DNA hairpin can 
be melted.  When the force is greater than 9 pN, around 12-bp can be melted.  This 
explicitly shows that the melting behavior is force dependent.  There are two possible 
explanations: (1) The FacRPA2 binding affinity is force dependent.  When the force is 
less than 9 pN, the binding affinity is too small for a FacRPA2 molecule to bind to the 
ssDNA region, so it is very hard to melt a DNA hairpin under low force; (2) The 
FacRPA2 binding affinity is force independent.  However, the interaction between 
multiple FacRPA2 molecules and a DNA hairpin is force dependent.  This interaction 
induced by a 12 pN force can be strong enough to melt ~ 12-bp dsDNA.  However, under 
low force (≤ 9 pN) this interaction is too small to open more base pairs.  Although this 
melting behavior is force dependent, multiple FacRPA2 molecules cannot unwind the 
DNA hairpin completely under high force (e.g. 12 pN). 
At last, the influence of FacRPA2 concentration is also considered:. the bottom 
three traces (Figure 4.5B) were taken at 12 pN: green, 300 nM FacRPA2; red, 100 nM 
FacRPA2; blue, 10 nM FacRPA2.  The maximum number of base pairs unwound versus 
the FacRPA2 concentration is plotted in Figure 4.5C (right).  The melting behavior is 
also FacRPA2 concentration dependent.  This may be because at higher concentrations 
FacRPA2 molecules crowd on the ssDNA binding site.  Therefore molecules are more 
likely to be found near the fork junction and more base pairs can be melted.  Multiple 
FacRPA2 molecules may also be working in concert to produce this effect.  When the 
FacRPA2 concentration is too low (~ 10 nM), the FacRPA2 molecule cannot bind to 
ssDNA easily because the binding affinity of FacRPA2 is only 81.9 ± 18.0 nM (Chapter 
4.2.2) and then melting activity is unlikely to occur.  However, it seems that 12-bp is the 
maximum number of base pairs that can be melted even with a higher FacRPA2 
concentration (data not shown).  
 In short, 100 nM FacRPA2 molecules can only melt a maximum of ~ 8-bp of the 
DNA hairpin (89-bp total) under a force of 12 pN.  This conclusion is very important for 
Chapter 5.   
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There is an interesting discrepancy between the trap data and bulk experiments.  
The bulk experiments3 in Chapter 4.2.4 (Figure 4.4A) show 2 µM FacRPA2 can melt 
25% of 50 nM fork junction DNA in 45 minutes.  That is to say, without a force 
FacRPA2 can unwind 20-bp dsDNA completely.  However, in my trap data, even  under 
12 pN force conditions, 300 nM FacRPA2 can only melt ~ 12-bp of a DNA hairpin (89-
bp total).  Further study can focus on the metling mechanism of FacRPA2, FacRPA1, 
and other RPAs or SSBs.  This is a third future direction for other the Chemla lab 
members to pursue (Table 5.1). 
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4.4  Figures 
 
Figure 4.1 Oligonucleotide/oligosaccharide-binding (OB) fold.  (A) The OB-fold was 
proposed by Murzin139.  (B) A high-resolution structure (1.26-Å, PDB: 1O7I.A) of S. 
solfataricus RPA (SsoRPA)141.  (C) Phylogeny of OB folds in Archaeal/eukaryotic 
replication protein A138.  Each shaded box represents an OB fold, and each shade 
represents a phylogenetic clade.  When a OB fold is detected, the amino acids number  
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Figure 4.1 (continue) 
 
before and after will be labeled.  [(A) comes from Figure 1 in Murzin139, with permission.  
(B) comes from Figure 2A in Kerr et al.141, with permission.  (C) comes from Figure 1A 
in Robbins et al.138, with permission]. 
 
 
 
Figure 4.2 Human replication protein A (RPA).  (A) Human replication protein A 
(RPA)142 is a heterotrimer including three subunits of RPA70, RPA32, and RPA14.  (B) 
Biological functions of human RPA.  [This is Figure 1 from Zou et al.142, with 
permission]. 
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Figure 4.3 FacRPA2 experimental data from Robbins et al.138.  (A) SDS-PAGE of 
purified FacRPA2.  (B) Gel filtration analysis of FacRPA2.  (C – D) Fluorescence 
polarization anisotropy (FPA) experiments.  (E) FRET experiments.  (F) Schematic of the 
RPA binding modes.  [(A), (B), (C), (E), and (F) come from Figure 3A, Figure 4A, 
Figure 6A, Figure 7A, and Figure 2 in Robbins et al.138, with permission.  (D) comes 
from Figure 1b in Pugh et al.3, with permission]. 
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Figure 4.4 FacRPA2 experiments from the Spies lab.  (A – B) FacRPA2 molecules 
can destabilize a DNA duplex and stimulate FacXPD helicase activity.  (C – F) 
FacRPA2 has a high dissociation rate.  (G – H) A FacXPD helicase can bypass 
FacRPA2 molecules coated on ssDNA.  [(A) and (B) come from Figure 5(a) and Figure 
3(b) inset in Pugh et al.3, with permission.  (C – D), (E – F), and (G – H) come from 
Figure 4A, Figure 5A, and Figure 5B in Honda et al.1, with permission]. 
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Figure 4.5 FacRPA2 molecules on a DNA hairpin construct.  (A) Schematic of 
experimental setup.  (B) Time traces from force feedback experiments under different 
experimental conditions: (1) the grey curve, 4 pN and 300 nM FacRPA2; (2) orange 
curve, 9 pN and 300 nM FacRPA2; (3) green curve, 12 pN and 300 nM FacRPA2; (4) 
red curve, 12 pN and 100 nM FacRPA2; (5) blue curve, 12 pN and 10 nM FacRPA2.  (C) 
The maximum number of base pairs melted in (B) vs. force and FacRPA2 concentration. 
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Figure 4.6 FacRPA2 molecules on a 70-dT ssDNA construct.  A 70-dT ssDNA 
construct was incubated with 100 nM FacRPA2 buffer.  The traces of extension (nm) vs. 
time were acquired at forces of 3 pN (grey), 5 pN (red), 9 pN (orange), and 12 pN (green). 
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Chapter 5 
Regulation of FacXPD Helicase  
by FacRPA2‡ 
 
 
Although this is the last chapter of my thesis, the raw data will tell us a very 
interesting and important story about how single-stranded DNA binding proteins (SSBs, 
Chapter 4) molecules regulate a single helicase.  After a short introduction about the 
relationship between SSB and helicase in Chapter 5.1, four main experiments will be 
introduced: (1) Main experiment No. 1 (high-resolution optical tweezers, Chapter 5.2.2), 
which is designed to observe how multiple FacRPA2 proteins stimulate a single FacXPD 
helicase; (2) Main experiment No. 2 (high-resolution optical tweezers, Chapter 5.3.1), 
which is designed to observe whether two or three FacRPA2 proteins can stimulate a 
single FacXPD helicase; (3) Main experiment No. 3 (Fleezers, Chapter 5.3.2), which is 
designed to explain the experimental data from the main experiment No. 2.  I will repeat 
the main experiment No. 2 with fleezers setup.  FacRPA2 will be labeled with a Cy3; (4) 
Main experiment No. 4 (Fleezers, Chapter 5.4), which is designed to confirm the data 
from the main experiment No. 3.  In this case, DNA hairpin will be labeled with a Cy3 
and FacRPA2 will be labeled with a Cy5.  We hope to observe strong FRET signals to 
confirm the conclusions from the main experiment No. 3. 
 
 
5.1  Introduction 
In Chapter 1.2.7, I introduced one of the mechanisms for helicase regulation is 
interaction with accessory proteins, which is complicated.  The different kinds of 
accessory proteins of SF1 and SF2 helicases have been summarized in Table 1 of 
                                                
‡ The work in Chapter 4 was used from a manuscript preparation and a poster:  
Qi, Z.; Masayoshi, H.; Suksombat S.; Spies, M.; Chemla, Y. R., “Regulation of XPD helicase by the single-stranded 
DNA binding protein RPA2”, Preparation. 
Poster Presentation: Qi, Z., Masayoshi, H.; Suksombat S.; Spies, M.; Chemla, Y. R., “Regulation of XPD helicase by 
the single-stranded DNA binding protein RPA2”, 57th Biophysics Annual Meeting (Philadelphia, PA, February 2013). 
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Lohman et al.17.  In my thesis, I will only focus on one type of accessory proteins: the 
single-stranded DNA binding proteins (Chapter 4).  By studying the regulation of a 
single FacXPD helicase by FacRPA2 molecules, we hope we can better define this 
mechanism. 
Three scenarios are proposed for this regulation.  The first scenario comes from 
general common sense.  Figure 5.1A144 is a good example for explaining this scenario.  
When a DNA helicase unwinds dsDNA at a fork junction, multiple SSB molecules will 
sequester both of the nascent ssDNAs to prevent them from reannealing.  It is reasonable 
to believe that SSB molecules can increase helicase unwinding activity by preventing the 
helicase’s slippage32 (Chapter 1.2.5).  However, there has been no experiment yet to 
prove this directly. 
The second scenario is that an SSB molecule can form a protein-protein complex 
with a single helicase to prevent the helicase from dissociating from ssDNA17.  This 
scenario has been shown in many experiments.  For example, in Figure 5.1B, a single 
SF2 E. coli RecQ helicase unwinds naked DNA with very low processivity145.  If the 
ssDNA region of this DNA substrate is coated with E. coli SSB molecules, a RecQ 
monomer will bind both the ssDNA and also the nine C-terminal residues of an SSB42,43.  
The functions of SSB molecules are to load a RecQ monomer on DNA and increase the 
helicase’s processivity. 
If all of the helicase regulations by SSBs belong to the second scenario, this topic will be 
simple.  However, experimental data has not supported the second scenario for many 
systems.  For example, the processivity of a single SF2 HCV NS3 helicase increases in 
the presence of E. coli SSB molecules44.  However, there is no protein-protein interaction 
between both an E. coli SSB molecule and a single SF2 HCV NS3 helicase.  Another 
example will be the data in this chapter.  The processivity of a single SF2B FacXPD 
helicase increases in the presence of FacRPA2 proteins.  As with NS3, a direct physical 
interaction between FacXPD and FacRPA2 is also not observed in vitro3.  However, we 
can not rule out a case that a single FacXPD helicase can form a complex with several 
FacRPA2 proteins on the presence of DNA fork junction.  On the basis of these 
observations, a third scenario is proposed.  In the presence of SSBs, the geometry of the 
fork junction may be changed from the data in Figure 4.5B (Chapter 4).  Perhaps this 
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different structure of the fork junction can increase the helicase binding affinity, and 
results in helicase processivity increasing dramatically.  This interesting unknown 
mechanism requires future studies (Table 5.1). 
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5.2  FacRPA2 Molecules Stimulate a Single FacXPD Helicase 
Activity 
 In this section, I will introduce the first main experiment.  Chapter 5.2.1 will 
introduce a new laminar flow cell design to study two kinds of proteins with optical 
tweezers.  Chapter 5.2.2 will show the raw data and the conclusions. 
 
5.2.1   Single Helicase Assay with a 5-hole Chamber 
 When two different proteins are involved in the optical tweezers experiments, the 
two channels of the laminar flow cell in “Single Helicase Assay” with a 4-hole chamber 
(Figure 2.5 & Chapter 2.2.2) are not enough to acquire clean data.  We updated this idea 
by creating a 5-hole chamber with an extra channel in the laminar flow cell (Figure 5.2A 
& B; Appendix B.1 and Figure B.1E & F).  Figure 5.2A is a picture of an actual 5-hole 
chamber.  This chamber can connect with 5 input tubes and 5 output tubes.  The new 
chamber design has three channels: (1) Two narrow channels (top and bottom, orange) 
for two different kinds of beads; (2) One wide channel (middle) for the trap experiments.  
Figure 5.2B is a cartoon picture to highlight this wide middle channel.  Two parafilm 
triangles (Appendix B.1) can create three buffer channels with two sharp interfaces: (2.1) 
Middle top (blue); (2.2) Middle middle (orange); (2.3) Middle bottom (red).  The reason 
for an extra channel has to be added is that we still need a blank buffer channel to form a 
single DNA hairpin tether that is not contaminated by the buffers containing different 
proteins.  
 
 
5.2.2   FacRPA2 Molecules Increase the Processivity of a Single FacXPD Helicase 
 In this section, I will introduce main experiment No. 1.  The experimental setup is 
shown in Figure 5.2B.  The three different buffers from the top to bottom are a blank 
working buffer (blue, Appendix B.7), a buffer with 6 nM FacXPD (orange), and a buffer 
with 10 / 100 nM FacRPA2 and 500 µM ATP (red).  The top bead channel is loaded with 
streptavidin beads with DNA hairpin constructs (Appendix B.4.2 & B.4.4).  This top 
bead channel is connected to the blank buffer channel of the wide middle channel by a 
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capillary.  This design ensures that the streptavidin beads with DNA hairpin constructs 
will enter directly into the blank buffer region from the top bead channel, and the DNA 
hairpin constructs have no chance of being contaminated by the proteins from other 
channels of the wide middle channel.  The bottom bead channel is loaded with anti-DIG 
beads (Appendix B.4.1).  The neighbor of this bottom bead channel is the channel 
containing buffer with FacRPA2 and ATP.  This means the anti-DIG beads will enter 
into the FacRPA2 buffer directly.  However, there are no DNA constructs on the surface 
of the anti-DIG beads, so we will not worry about the contamination of the anti-DIG 
beads.  The experimental procedures are: (1) A single DNA hairpin tether will be formed 
at position 1 (Figure 5.2B), and a force extension curve will be acquired to check 
whether the tether is good or not; (2) This single tether will be moved to position 2 
(Figure 5.2B) by following the green dashed line under no tension; (3) Once this tether 
arrives at position 2, a force feedback experiment will start (12 pN) and data will be 
acquired.  This tether will incubate in the presence of 6 nM FacXPD buffer for 20 
seconds, and wait for a single FacXPD molecule to bind (Chapter 2.2.2 & Figure 2.5D); 
(4) After 20 seconds, this tether will be moved from position 2 to position 4 (Figure 5.2B) 
by following the black dashed line with a constant force (12 pN).  Position 3 (Figure 
5.2B) marks the sharp interface position, where the single FacXPD helicase will have a 
chance to “see” ATP molecules and initiate unwinding of the DNA hairpin.  On the same 
time, multiple FacRPA2 proteins in the same channel can bind to the ssDNA regions on 
this single DNA hairpin tether. 
 Results from these unwinding experiments are shown in Figure 5.2C and D.  In 
order to describe data accurately, we use the same definitions for a “non-processive 
unwinding” burst and a “processive unwinding” burst in Chapter 3.2.1.  We define a 
“non-processive unwinding” burst as when the maximum number of base pairs unwound 
is less than 20 base pairs, and a “processive unwinding” burst as when the maximum 
number of base pairs unwound is greater than 20 base pairs.  We find that two kinds of 
cases are also observed in these experiments: “non-processive unwinding” traces (Figure 
5.2C) and “processive unwinding” traces (Figure 5.2D).  The “processive unwinding” 
traces are very interesting because this behavior definitely correlates with FacRPA2 
molecules.  If there are no FacRPA2 molecules present, no “processive unwinding” 
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traces were seen for the DNA hairpin (Figure 2.7E).  We can also rule out the alternative 
that processive unwinding results purely from FacRPA2 molecules alone.  A control 
experiment without the FacXPD helicase (Figure 5.3A & 4.6B) shows that FacRPA2 
molecules can only melt ~ 8-bp dsDNA (Chapter 4.3). 
 We tested three different FacRPA2 concentrations (0, 10, and 100 nM), and then 
plotted the probabilities of “processive unwinding” events versus the FacRPA2 
concentrations in Figure 5.3B.  The probability of processive unwinding events increases 
dramatically in the presence of FacRPA2 molecules.  So the main experiment No. 1 
indicates FacRPA2 molecules can increase processivity of a single FacXPD helicase.  
This conclusion agrees with the bulk study3 in Chapter 4.2.4.  The difference is our 
single-molecule experiment can determine accurately the processivity change of a single 
FacXPD helicase whereas the bulk experiments cannot determine this information. 
We also measured the unwinding rates for both “non-processive unwinding” and 
“processive unwinding” traces (Figure 5.3C).  The measurement shows the unwinding 
rate of FacXPD is independent of the FacRPA2 concentration.  Compared with the 
unwinding rates of a single FacXPD helicase and multiple FacXPD helicases in Figure 
3.5C, all cases are very similar (~ 5 bp/s).  This result suggests that the “non-processive 
unwinding” traces in Figure 5.2C are unwinding traces of a single FacXPD helicase.  
Under low FacRPA2 concentration conditions, the probability of regulating a single 
FacXPD helicase by FacRPA2 molecules is lower, and so the probability of processive 
events is lower.  Why is it that a single FacXPD helicase (“non-processive unwinding”), 
multiple FacXPD helicases (“processive unwinding”) and a single FacXPD helicase 
regulated by FacRPA2 molecules (“processive unwinding”) all have the same unwinding 
rates, even though the processivity changes?  This is another future direction for other 
members in the Chemla lab (Table 5.1). 
 There are two interesting points about the “processive” trace in Figure 5.2D.  The 
first point is that a reannealing curve is observed in this processive burst, and the 
reannealing rate is similar to the unwinding rate.  This suggests: (i) Even in 100 nM 
FacRPA2 buffer and 12 pN force, multiple FacRPA2 molecules cannot prevent the 
reannealing of the DNA hairpin.  However, reannealing behavior can be prevented under 
the conditions of the FacXPD helicase concentration greater than 1.8 nM and 12 pN 
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force (Chapter 3.2.1 & Figure 3.3B); (ii) A single FacXPD helicase can bypass the 
FacRPA2 molecules and translocate on the ssDNA of the opened DNA hairpin.  This 
agrees with the conclusion1 in Chapter 4.2.5 (Figure 4.5G & H).  The second point is 
that many short bursts are observed after reannealing finishes.  This means that after the 
single FacXPD helicase dissociates from the DNA hairpin, 100 nM FacRPA2 can still 
melt the DNA hairpin.  These short bursts are the same as the short bursts in the control 
experiment (Figure 5.3A and Figure 4.6B). 
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5.3  Regulation Mechanism 
 From Chapter 5.2, we know that FacRPA2 can increase the processivity of a 
single FacXPD helicase.  What is the regulation mechanism?  As no physical interactions 
are detected between FacRPA2 molecules and the FacXPD helicase3, the second 
scenario in Chapter 5.1 is unlikely.  The first and third scenarios are the possible 
candidates.  In this section, two new experiments, main experiment No. 2 (Chapter 5.3.1) 
and main experiment No. 3 (Chapter 5.3.2), are designed and performed to dig into the 
regulation mechanism. 
 
 
5.3.1   A XPD Processive Unwinding Does Not Need RPA2 to Sequester ssDNA 
 A new experiment (main experiment No. 2) was designed, as shown in Figure 
5.4A.  A 4-hole chamber was used again.  In this laminar flow cell, the top channel 
(green) contains 500 µM ATP buffer, and the bottom channel (red) contains the buffer 
with 6 nM FacXPD helicase and 200 nM FacRPA2.  The experimental procedures are: 
(1) A single hairpin tether is formed at position 3 (Figure 5.4A), and a force extension 
curve is acquired to check whether the single tether is good or not.  (2) This single tether 
is moved from position 3 to position 1 (Figure 5.4A) with no tension.  (3) Once the tether 
arrives at position 1, a force feedback experiment (12 pN) starts and data is acquired.  
This tether is incubated in the buffer with FacXPD helicase and FacRPA2 for 20 seconds, 
allowing both to bind, and then moved back from position 1 to the position 3 (Figure 
5.4A) by following the black line with an arrow. 
 The unwinding traces appear in Figure 5.4B and C.  We also observe two kinds 
of unwinding behaviors, “non-processive” traces (N = 6, Figure 5.4B) and “processive” 
traces (N = 11, Figure 5.4C), as in main experiment No. 1 (Figure 5.2C & D).  Figure 
5.4D shows the probability of processive events without FacRPA2 (0 nM) and with 
FacRPA2 (200 nM).  As there is no free FacRPA2 molecules in the ATP stream, we can 
rule out the regulation mechanism in which the FacRPA2 proteins increase the FacXPD 
helicase processivity by sequestering the ssDNA behind the FacXPD helicase (the first 
scenario in Chapter 5.1).  That is to say, the processive unwinding of a single FacXPD 
helicase does not need FacRPA2 proteins binding ssDNA behind the FacXPD helicase.  
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Although only the third scenario in Chapter 5.1 remains, there may be different 
mechanisms by which the fork junction geometry is affected.  We propose two scenarios: 
(i) Model 1, in which FacRPA2 proteins form a complex with a single FacXPD helicase.  
As the footprint of FacRPA2 is around 4 nt3 and the DNA hairpin has a 10-dT ssDNA 
region, we propose that up to two or three FacRPA2 proteins may form a complex with a 
single FacXPD helicase to unwind the DNA hairpin processively; (ii) Model 2, in which 
the destabilization of DNA duplex by the FacRPA2 proteins can optimize the binding 
affinity of a single FacXPD helicase to the fork junction, allowing the single FacXPD 
helicase to unwind the DNA hairpin processively.  In the next section, the “fleezers” 
setup will be used to distinguish the scenarios. 
 An interesting point is observed in both Figures 5.4B and C.  During the 
incubation time (the first 20 seconds), many short bursts can still be observed.  From 
Figures 5.3A and 4.6B, these bursts represent multiple FacRPA2 molecules melting the 
DNA hairpin construct.  The interesting point is that a single FacXPD helicase can also 
bind to the 10-dT ssDNA region, however, the helicase does not influence the melting 
behavior of the multiple FacRPA2 molecules. 
 
 
5.3.2   Preliminary Results of the Fleezers Experiments 
 In order to further elucidate the regulation mechanism, a new experiment was 
designed (main experiment No. 3).  Figures 5.7A and B show the experimental setup.  
We want to use the fleezers setup66 (Chapter 1.3.4) to repeat main experiment No. 2 in 
Chapter 5.3.1 (Figure 5.4).  In this case, a FacRPA2 protein is labeled with a Cy3 dye1 
(Appendix B.5).  The experimental procedures are: (1) A single hairpin tether is formed 
at position 3 (Figure 5.7B), and a force extension curve is acquired to check whether the 
single tether is good or not.  (2) This single tether is moved from position 3 to position 1 
(Figure 5.7B) with no tension.  Once the tether arrives at position 1, a force feedback 
experiment (12 pN) starts and both trap and fluorescence data is acquired.  (3) This tether 
is incubated in buffer with 6 nM FacXPD helicase and 200 nM Cy3 labeled FacRPA2 
for 20 seconds, and then moved back from position 1 to position 3 (Figure 5.7B
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following the black line along the direction of the arrow.  (4) Once the tether arrives at 
position 3 (Figure 5.7B), the green fluorescent excitation laser is turned on.  
 The data are depicted in Figures 5.7C and D.  The trap data is the same as the 
data in Figures 5.4B and C.  The green traces in Figures 5.7C and D are the 
fluorescence data.  Time 0 represents the time the green laser is turned on.  If two or three 
FacRPA2 proteins can form a complex with a single FacXPD helicase during a 
processive unwinding event (model 1 in Chapter 5.3.1), two or three photobleaching 
steps should be observed after the green laser is turned on in Figure 5.7C.  No 
photobleaching steps should be observed if model 2 in Chapter 5.3.1 is correct.  The raw 
data show that there are no fluorescence signals (green trace) in Figure 5.7C for a total of 
11 molecules.  This suggests that perhaps model 2 in Chapter 5.3.1 is correct, although 
we need other experiments to prove this conclusion.  We will design a new experiment in 
Chapter 5.4 (main experiment No. 4). 
 For the fleezers experiments, I want to highlight a very important question about 
the fluorescence background of the beads.  Although the position of the confocal point of 
the fleezers setup is between a streptavidin bead (Appendix B.4.2) and an anti-DIG bead 
(Appendix B.4.1) when a DNA hairpin tether is formed, the fluorescence background of 
the beads can still influence the data (blue in Figure 5.6).  Figure 5.6 shows a control 
experiment for the fleezers setup.  The procedures are: (1) A streptavidin bead with DNA 
hairpin constructs and an anti-DIG bead are trapped; (2) The procedures of the main 
experiment No. 3 are followed except for forming a real tether.  The data in Figure 5.6 is 
the fluorescence signal after the green laser is on.  Theoretically the fluorescence signals 
should be zero because there is no tether.  However, the blue trace shows a large decay 
signal.  Then we checked the fluorescence background of the beads.  We find that the 
anti-DIG beads have a very large fluorescence background (Figure 5.5A).  The 
streptavidin beads are almost perfect – they have a small fluorescence background 
(Figure 5.5A).  The reason we propose is that polystyrene bead can produce high auto-
fluorescence background.  For a streptavidin bead, the density of streptavidin on the bead 
is high enough to cover the entire surface of the bead and block the fluorescence 
background of the polystyrene bead.  However, the density of the protein G and anti-DIG 
antibody (immunoglobulin) is not high enough to cover the surface of the bead.  The 
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protein G and anti-DIG antibody (immunoglobulin) may also bind to the Cy3 labeled 
FacRPA2 molecules.  Both of these cause a very large fluorescence background of an 
anti-DIG bead.  Dr. Vishal Kottadiel (Catholic University of America) developed a new 
method to decrease this fluorescence background.  The detailed protocol is in Appendix 
B.4.3.  The basic idea is to make a new “Protein G” bead from a streptavidin bead 
(Figure 5.5B).  Protein G biotin conjugated (PG00-06, Rockland Immunochemicals Inc.) 
is coated on the surface of a streptavidin bead, and then this streptavidin bead can be used 
as a protein G bead (Appendix B.4.3).  The fluorescence background of this new anti-
DIG bead is very small (Figure 5.5B).  The control experiment using this new type of 
bead did not show a large fluorescence decay signal (red in Figure 5.6). 
 117 
 
5.4  Future Plan 
 A new experiment (the main experimental No. 4) was designed, as shown in 
Figure 5.8.  A FacRPA2 molecule will be labeled with Cy5, and the 10-dT ssDNA 
region of a DNA hairpin will be labeled with Cy3.  Similar experiments to the main 
experimental No. 3 (Figure 5.7 & Chapter 5.3) will be repeated.  In main experiment 
No.3, Cy3-labeled FacRPA2 proteins create a huge fluorescent background because of its 
high concentration in solution.  The advantage of using a Cy5-labeled FacRPA2 with 
Cy3-labeled DNA is that a large FRET signal will be generated only when the protein 
binds. FacRPA2 in solution (further than ~ 6 nm from the Cy3 dye) will not generate 
much of a FRET signal. Thus the fluorescent background should decrease dramatically.  
This approach may help us to understand better the regulation mechanism used by 
FacRPA2 to stimulate unwinding by FacXPD. 
 
 
 Lastly, I list some future directions in Table 5.1 for Chemla lab members who are 
interested in this project.  High-resolution optical tweezers and the fleezers setup in our 
lab are both very powerful tools to study properties of helicases like step size, oligomeric 
state, and regulation mechanisms.  I believe that many important open biological 
questions will be answered in the near future by using these techniques! 
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5.5  Figures and Tables 
 
Figure 5.1 Regulation Mechanisms.  (A) The first scenario (Chapter 5.1) in which 
multiple SSBs sequester the nascent ssDNA.  (B) The second scenario (Chapter 5.1) in 
which a SSB molecule (here, E. coli SSB) can form a physical protein-protein interaction 
with a single helicase (here, E. coli RecQ helicase).  [(A) comes from MCB150 lecture 
notes144.  (B) is Figure 6 in Shereda et al.42, with permission]. 
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Figure 5.2 Main experiment No.1.  (A) A picture of a 5-hole chamber (Appendix B.1).  
(B) Schematic of experimental setup.  (C – D) Two behaviors observed in the raw data. 
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Figure 5.3 The control experiment of main experiment No.1 and data analysis.  (A) 
A control experiment without FacXPD helicase (Chapter 4).  (B) Probabilities of 
“processive unwinding” events versus FacRPA2 concentration.  N = 40, 26, and 15 for 0, 
10, 100 nM FacRPA2.  (C) The unwinding rates for both “non-processive unwinding” 
traces (N = 9) and “processive unwinding” traces (N = 5).  Error bars denote s.d..  
Unwinding rates are determined from the slope of each trace. 
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Figure 5.4 Main experiment No.2.  (A) Schematic of experimental setup.  (B – C) Two 
behaviors observed in the raw data.  (D) Probabilities of the “processive unwinding” 
events versus FacRPA2 concentration.  N = 40 and 17 for 0 and 200 nM FacRPA2. 
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Figure 5.5 Fluorescence backgrounds of the beads.  (A) Fluorescence background of a 
streptavidin bead (right) and an anti-DIG bead (left).  (B) Fluorescence background of a 
streptavidin bead (right) and a new “anti-DIG” bead (left).  The new anti-DIG bead 
protocol (Appendix B.4.3) was developed by Dr. Vishal Kottadiel (Catholic University 
of America). 
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Figure 5.6 Influence of the fluorescence background of the beads.  A streptavidin 
bead with DNA hairpin constructs and an anti-DIG bead (blue, Figure 5.5A) and a new 
“anti-DIG” bead (red, Figure 5.5B) are trapped.  Then the procedures of the main 
experiment No. 3 are followed except for forming a tether.  The data is the fluorescence 
signal after the green laser is on.   
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Figure 5.7 Main experiment No.3.  (A – B) Schematic of the fleezers setup. (C – D) 
Two behaviors are observed in the raw fleezers data. 
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Figure 5.8 Main experimental No. 4.  Schematic of the fleezers setup.  A FacRPA2 
molecule is labeled with Cy5, and the 10-dT ssDNA region of a DNA hairpin is labeled 
with a Cy3.  FacRPA2 binding produces a large FRET signal that helps us study the 
regulation mechanism. 
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 Future Directions Chapters Figures 
1 Cooperative model for the multiple FacXPD helicases 3.2.2 3.4A 
2 Searching the factors that increase the FacXPD helicase 
activity (processivity and unwinding rate) under low force 
3.3.1 & 
3.3.2 
3.7B 
3 The melting mechanism of FacRPA2, FacRPA1, and other 
RPAs or SSBs 
4.3 4.6B 
4 Understanding the regulation mechanism of the third 
scenario in which there is no physical SSB-helicase 
interaction 
5.1  
5 Why a single FacXPD, multiple FacXPDs and a single 
FacXPD regulated by FacRPA2 molecules have the same 
unwinding rates, although the processivity changes 
5.2.2 3.5C & 5.3C 
6 Reannealing behavior for multiple FacXPD helicases and a 
single FacXPD regulated by FacRPA2 molecules 
3.2.1, 5.2 
& 5.3 
3.4A, 5.4B, 
& 5.2D 
 
Table 5.1 Future research directions of FacXPD helicase and RPA2 projects for 
Chemla lab members. 
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Appendix A 
DNA Hairpin 
 
 
 As one of my most important contributions to Yann Chemla’s lab, I want to use 
the whole Appendix A to discuss my DNA hairpin construct.  I took almost six months 
(From March 2008 to September 2008) to develop this DNA hairpin protocol.  Almost all 
of the control experiments were performed, however, I still could not get the final ligation 
product.  Finally, I realized that the oligoes ordered from IDT company had no 5’ 
phosphate group, and the company would only add this 5’ phosphate group as a 5’ 
modification when we mentioned it in the order.  Without this 5’ phosphate group on the 
hairpin oligo (Figure A.3), the ligation with DNA handles would not be successful of 
course.  Once I realized this at the beginning of September 2008, I immediately ordered a 
new hairpin oligo with a 5’ phosphate group, and the final 3-kbp ligation band appeared 
at last.  For now, this protocol has become a basic training module for biophysics rotation 
students and CPLC summer school students in the Chemla lab.  This left handle construct 
(Figure A.5A) is now used for many other DNA construct designs in the Chemla lab. 
 
 
A.1  DNA Hairpin Protocol 
The protocol for this DNA hairpin construct (Figure A.1 and A.2 & Table A.1 
and A.2) has been obtained from Woodside et al.110, and modified for use in my single 
helicase assay (Chapter 2.2.2).  This section will explain the protocol in detail.  To be 
clear, I name the DNA hairpin construct “DNAHairpin_xT_yT_Seqz”.  x represents a 5’-
ssDNA length (nt), y represents a 3’-ssDNA length (nt), and z represents DNA hairpin 
sequence (Table A.2).  The following protocol is an example for 
“DNAHairpin_10T_0T_Seq1”. 
This modified design has three advantages: (i) It allows for a hairpin with 
different length or sequence to be easily substituted by designing a different ssDNA oligo 
“HP” (Chapter A.1.3);  (ii) Helicases with different polarity (5’→3’ or 3’→5’) can be 
studied by controlling the ssDNA region on both sides of the hairpin.  
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DNAHairpin_10T_0T_Seq1 can be used to study 5’→3’ helicase and 
DNAHairpin_0T_10T_Seq1 can be used to study 3’→5’ helicase; (iii) The oligomeric 
state of helicases can be studied by changing the length of ssDNA binding sites.  For 
example, if the footprint of one helicase binding on an ssDNA is 10-nt, and the polarity is 
5’→3’, DNA_Hairpin10T_0T_Seq1 can be used to bind a single helicase, and 
DNAHairpin_20T_0T_Seq1 can be used to bind two helicases.  
 
 
A.1.1   Step 1: Preparing the Initial Versions of Handle Left and Right 
 The first step is to prepare left handle (HL) and right handle (HR) (Figure A.3).  
We use autosticky polymerase chain reaction (AS-PCR)111 to prepare HR (Figure A.3B) 
because AS-PCR can leave a long overhang.  Invitrogen OligoPerfect™ Designerwas 
used to design the forward and backward primers (Table A.1).  All of these primers were 
ordered from Integrated DNA technologies (IDT).  The primer orders followed the 
following format: “HRv9_FWDdsp_ZQ_5phosphate_10T” in Table A.1, which is a 
forward primer, is: 5' – /5Phos/TTG AAA TAC CGA CCG CTC AGC TAT CAG CC – 
T TTT TTT TTT TTT TTT TTT – /idSp/ – CTC TGA CAC ATG CAG CTC CC – 3'.  
Where “/idSp/”denotes an abasic sites (deoxyribose spacer, dspacer).  “/5Phos/” is the 5’-
end phosphate group.  All of these symbols are used on the IDT website.  The forward 
primer includes three regions: (i) a 29-nt annealing sequence: 5’ – TTG AAA TAC CGA 
CCG CTC AGC TAT CAG CC – 3’.  This sequence is used to anneal and ligate with the 
hairpin oligo (below);  (ii) a poly-dT ssDNA region.  A set of different lengths, like 0, 3, 
10, and 19-dT, are used in different types of trap experiments.  For 3’ – 5’ helicase, this 
region is the helicase binding region;  (iii) the real PCR forward primer (20-nt): 5’ – CTC 
TGA CAC ATG CAG CTC CC – 3’.  This sequence matches the sequence starting 
forward from the position 2101 on template pBR322 DNA (4361-bp, Fermentas 
#SD0041).  The backward primer (19-nt) is: 5’ – /5DigN/ CAA CAA CGT TGC GCA 
AAC T – 3’ (REV_3400bp_5DIG_ZQ in Table A.1).  This sequence matches the 
sequence starting backward from the position 3600 on template pBR322 DNA.  “/5DigN/” 
indicates a 5’ Digoxigenin (DIG) NHS Ester.  The template DNA is pBR322 plasmid 
(4361-bp, Promega).   
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The PCR experiments were performed by using the Phusion™ High-Fidelity PCR 
Master Mix with HF Buffer (the PCR kit, Fisher F-531S).  Two 50-µL PCR reactions 
were prepared.  A 1% agarose gel (ReadyAgarose Gels, BIO-RAD, #161-3010) was used 
to test the final PCR products.  0.5 µL PCR product from each 50-µL PCR reaction was 
added into the lanes 4 & 5 (Figure A.3C).  Two bands could be seen in each lane: the 
upper 1,500-bp band one was bright and corresponded to the correct AS-PCR product, 
which is a 1.5-kbp double strand DNA (dsDNA) with a 48-nt overhang at one 5’ end and 
a digoxigenin (DIG) label at another 5’ end (Figure A.3B).  The lower band was around 
1,000-bp, and was cleaned out of PCR product.  The reason is that this unknown 
constructs will perhaps influence the final ligation yield.  From Nanodrop (the Ha lab), 
the concentration of the AS-PCR product was 60 ng/µL.  QIAquick PCR purification kit 
(QIAGEN #28104) was used to purify the AS-PCR product, and the purified DNA was 
resuspended in a final volume of 32 µL of elution buffer EB (10 mM Tris-HCl, pH 8.5, 
see QIAquick PCR purification kit).  This kit was tested to have a 90% yield.  So the 
concentration of HR sample after PCR purification kit was ~167 ng/µL.  This 32 µL (167 
ng/µL) HR sample was kept into 4 oC refrigerator for the next step. 
HL and HR were prepared simultaneously using two PCR machines.  Two 50-µL 
PCR reactions were prepared for HL.  HL is a 2,175-bp dsDNA with a biotin at the 5’ 
end (Figure A.3A).  The forward primer (21-nt), which is “HLv7_FWD5Biosg_ZQ” in 
Table A.1, is: 5’ – /5Biosg/ TGA AGT GGT GGC CTA ACT ACG – 3’.  This sequence 
matches the sequence starting forward from the position 2941 on template pBR322 DNA.  
Where “/5Biosg/” means a 5’ biotin (BIO).  The reverse primer (24-nt) is: 5’ – TTG CAT 
GAT AAA GAA GAC AGT CAT – 3’ (HLv7_REV_ZQ in Table A.1).  This sequence 
matches the sequence from position 754 on the template pBR322 DNA.  A 1% agarose 
gel (ReadyAgarose Gels, BIO-RAD, #161-3010) was used to test the final PCR products.  
0.5 µL PCR product from each 50-µL PCR reaction was added into the lanes 2 & 3, and 
the results are shown in Figure A.3C.  Only one bright band appeared between 2,000-bp 
and 2,500-bp, which corresponded to the correct construct (2,175-bp for HL).  From 
Nanodrop, the concentration of the PCR product was 60 ng/µL.  QIAquick PCR 
purification kit (QIAGEN #28104) was used to purify the AS-PCR product, and the final 
volume was 60 µL in buffer EB (10 mM Tris-HCl, pH 8.5, see QIAquick PCR 
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purification kit).  The concentration of HL sample after PCR purification kit was 89 
ng/µL (Nanodrop).  This 60 µL (89 ng/µL) HL sample was kept into 4 oC refrigerator for 
the next step. 
 
 
A.1.2   Step 2: Preparing the Final Versions of Handle Left and Right 
 The second step is to make the final versions of HL (Figure A.5A) and HR 
(Figure A.5B). 
 PspGI (New England Biolabs #R0611S) was used to digest the HL sample in the 
first step (Figure A.4A) into the two parts (Figure A.4B): (i) A 1,550-bp dsDNA with a 
5-nt overhang (3’ – GGACC – 5’); (ii) A 620-bp dsDNA with a 5-nt overhang (5’ – 
CCTGG – 3’).  The recognition sequence of PspGI is 5’ – CCTGG – 3’.  The digestion 
condition was 75 oC for 5 hours. After digestion, the sample was purified using the 
QIAquick PCR purification kit (#28104, QIAGEN), as mentioned above.  This sample 
(Lane 2 in Figure A.4C) was tested with on a 1% agarose gel.  The three bands in lane 2 
(Figure A.4C) of sizes 2,175, 1,550 and 620bp correspond to the undigested construct 
(Figyre A.4A), and the products of PspGI digestion respectively.  The bright 1,550-bp 
band is the final version of the HL construct, and it needs to be separated from the other 
two dimmer bands.  For HR, in Figure A.3C, the bright band in lanes 4 and 5 is the final 
version of the HR construct, and it also needs to be separated from the other dimmer 
bands.   
The QIAquick gel extraction kit (#28704, QIAGEN) was used to purify the final 
version of HL (1,550-bp) and HR (1,500-bp).  To purify the final HL and HR constructs, 
a 1% low-melting agarose gel (Appendix B.2) was prepared.  32 µL HL was loaded into 
2 lanes of 1% low-melting agarose gel.  The gel sample in each lane was 16 µL HL 
sample and 4 µL loading dye (Nucleic Acid Sample Loading Buffer, 5×, Bio-Rad 161-
0767).  32 µL HR was loaded into 2 lanes of 1% low-melting agarose gel.  The gel 
sample in each lane was 16 µL HR sample and 4 µL loading dye (Nucleic Acid Sample 
Loading Buffer, 5×, Bio-Rad 161-0767).  The gels were run at 85 V for 90 minutes.  
Following this, the 1,550-bp bands in two lanes (HL) and the 1,500-bp bands in two lanes 
(HR) were cut and purified by the QIAquick gel extraction kit.  The final volume HL and 
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HR constructs were resuspended in 30 µL of buffer EB.  A 1% agarose gel 
(ReadyAgarose Gels, BIO-RAD, #161-3010) was run to test the final constructs (Figure 
A.5C).  0.5 µL and 1 µL of HL were loaded into lanes 2 & 3 while 0.5 µL and 1 µL of 
HR were loaded into lanes 4 & 5 was sample test.  The presence of just one band in each 
lane indicated that the purification was good.  From Nanodrop (the Ha lab), we can also 
estimate the sample concentration.  After testing gel extraction kit, QIAquick gel 
extraction kit gives ~ 40% yield. 
 
 
A.1.3   Step 3: Preparing the Hairpin Oligo 
The third step is preparing the hairpin oligo (HP).  All HPs are listed in Table A.1.  
“Hairpinv7_Mine_ZQ_19T” was used as an example.  The stock HP (10.4 µM) was 
diluted 100 times to 0.1 µM: by mixing 1 µL HP with 99 µL IDTE (1×TE solution pH 
7.5, Integrated DNA technologies) buffer.  To expedite HP annealing, we used a fast 
annealing protocol with a thermal cycler: (i) Heat the 100 µL sample to 90 oC for 70 
seconds; (ii) Cool the sample on an ice box immediately and wait for 30 minutes.  This 
method helps to get rid of dimers and other secondary structure conformation. 
 
 
A.1.4   Step 4: Annealing Between Handle Left, Hairpin Oligo and Handle Right 
The fourth step is to anneal HL, HP, and HR together.  The molar ratio of 
[HL]:[HP]:[HR] was 1:1:1.  We used a slow annealing protocol with a thermal cycler: (i) 
Heat the sample to 90 oC for 10 minutes; (ii) Slowly cool down the sample from 90 oC to 
25 oC for 4 hours. 
 
 
A.1.5   Step 5: Ligation Between Handle Left, Hairpin Oligo and Handle Right 
The fifth step is to ligate HL, HP, and HR together by T4 DNA ligase (NEB, 
M0202T).  To optimize the protocol, I did a set of control experiments on two different 
ligation protocols.  The first ligation protocol is to incubate the sample at 16 oC for 12 
hours and then inactive the T4 ligase at 65 oC for 20 minutes.  The second ligation 
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protocol is to incubate the sample at room temperature for 30 minutes and then inactive 
the T4 ligase at 65 oC for 20 minutes.  Figure A.6 shows the gel results.  The first 
ligation protocol was checked firstly.  When [HL]:[HP]:[HR] was 0:0:1 (Lane 5 in 
Figure A.6), only one bright band was found to prove that HR cannot do self-ligation.  
However, when [HL]:[HP]:[HR] was 1:0:0 (Lane 4 in Figure A.6), two bands were 
found to demonstrate that HL overhang GGACC can do self-ligation although it is not 
palindromic.  This behavior suggests only one base pair mismatch in the middle sequence 
cannot block self-ligation.  When [HL]:[HP]:[HR] was 1:0:1 (Lane 3 in Figure A.6), we 
found the same band around 3,000-bp with similar intensity as the case 1:0:0 (Lane 4 in 
Figure A.6).  It means HL can still do self-ligation with the presence of HR. When 
[HL]:[HP]:[HR] was 1:1:0 (Lane 6 in Figure A.6), we get completely different results 
from  the cases in Lane 3 and Lane 4.  In this case, the intensity of the band around 
3,000-bp became very weak, and two bright bands are shown around 1,500-bp.  It means 
that in the presence of the correct cohesive end of HPs, self-ligation of HL was not a 
favorite reaction.  The ligation between HL and HP was the most favorite reaction.  
Finally, when [HL]:[HP]:[HR] was 1:1:1 (Lane 2 in Figure A.6), a band between 3,000-
bp and 4,000-bp was found.  This band should be the final hairpin construct (HL-HP-HR), 
but not the HL self-ligation product.  Another demonstration came from optical tweezers 
test in the next section.  Only the hairpin construct (HL-HP-HR) can form a tether.  HL 
self-ligation product cannot form a tether because there was no an anti-DIG on this 
product.  That is to say, if we can form a tether in a trap experiment, it should be hairpin 
construct.  Next we can acquire a pulling curve for this tether.  From the shape of the 
pulling curve, we can also prove the hairpin construct is correct or not.  For the second 
ligation protocol, Lane 8, 9, 10, 11 have the same condition as Lane 2, 3, 4, and 6.  It is 
very clear that the first ligation condition is better than the second one.    
 
 
A.1.6   Step 6: Purify the Hairpin Construct 
The sixth step and last step is purification of the hairpin construct.  The QIAquick 
gel extraction kit (#28704, QIAGEN) was once again used to obtain the final hairpin 
construct. 
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A.2  DNA Hairpin Test by Optical Tweezers 
 The presence of a band at ~ 3 kbp indicated that the DNA hairpin construct had 
been prepared successfully (Figure A.1).  Next, optical tweezers were used to test the 
DNA hairpin. 
 
 
A.2.1   Force-Extension Curve of the DNA Hairpin  
 DNA hairpin construct was incubated with streptavidin beads (Appendix B.4.4).  
In a typical experiment, the two streams (Figure B.1B) merging in the central channel 
contained buffer with ATP (0 – 500 µM, blue stream), and buffer with XPD helicase (6 
nM, red stream).  A streptavidin and an anti-DIG bead were captured in separate traps, 
and a single tether was formed in the ATP stream.  A force-extension curve (FEC) was 
taken for every tether formed to verify the proper behavior.  Typical FECs are shown in 
Figure A.9B – E for different sequences.  Five important aspects of FECs are highlighted 
below:  
There is a plateau representing the hairpin unwinding in FEC.  For a single tether, 
the transition force is around 17 pN for sequence 1 (Figure A.7D).   
When the multiple tethers are formed between two beads, the transition force is 
dramatically higher as compared to the single tether case (Figure A.7A).  When multiple 
tethers are formed, exerting a large force on the tethers for a while will break the other 
tethes, leaving a single tether between the beads (Figure A.7A). 
 The length of the transition region of a single tether can be measured and 
compared against the hairpin stem length, which is 182-nt (89-bp + 4-T looping).  Figure 
A.7C shows the results proving that the DNA hairpin construct is correct. 
Our LabVIEW codes allow us to unwind the DNA hairpin (red curve in Figure 
A.7B) and reanneal it again (green curve in Figure A.7B).  As the transition region 
belongs to a non-equilibrium region146, the pulling and relaxing curves (red and green in 
Figure A.7B) do not overlay with each other.  It depends on the pulling rate.  Figure A.8 
testing the influence of the pulling rates on the transition region.  showed that Higher 
pulling rates resulted in higher probabilities of seeing a loop form between pulling and 
relaxing curves. 
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.  In a force feedback experiment, the extension between the beads is maintained 
under a constant force lower than the transition force.  However, when the force is close 
to the transition force, the DNA hairpin has a higher probability to unfold 
automatically110,147.  So a maximum force limit for the DNA hairpins with different 
sequences need to be measured.  Figure A.9F – I reported this information.  For 
sequence 1 – 3, 12 pN is the maximum force that canprevent unzipping of the DNA 
hairpin in 5 minutes.  For sequence 5, a force beyond 9 pN canunzip the first 29-bp AT 
region, while a force greater than16 pN can unzip the second 29-bp GC region, in 5 
minutes.   
 
 
A.2.2   Force-Extension Curve Fitting and Popen Calculation 
A good single FEC curve has rich of useful information, so we need to figure out 
how to qualify these information by fitting the whole regions including: (i) The region 
before DNA hairpin unwinding; (ii) Transition region; (iii) The region after DNA hairpin 
unwinding.  
The hairpin elastic behavior was modeled using the Worm-like Chain model 
(WLC)148.  The parameters used for dsDNA were as follows: the persistence length was 
Pds = 50 nm, stretch modulus Sds = 1000 pN, and the contour length per base pair hds = 
0.34 nm/bp.  For ssDNA, the parameters used were Pss = 1.0 nm, Sss = 1000 pN, hss = 0.6 
nm/nt, consistent with previous values26,110,149.  We checked recent references to get these 
previous values that were filled in Table A.3.  These parameters were determined from 
fits of FEC of two “test” molecules, a 3.4-kb dsDNA construct and a 3.25-kb ds-ssDNA 
hybrid construct consisting of 1.55-kb and 1.7-kbp dsDNA handles ligated to a central 
70-dT ssDNA segment.  The FEC were obtained under the same buffer conditions as our 
XPD helicase measurements.  Orange dashed lines in Figure A.7B were the fitting of the 
region before and after DNA hairpin unwinding. 
To fit the unfolding transition in our hairpins, we utilized the approach of Huguet 
et al.119.  The parameters of the calculation were: the calibrated trap stiffness, the WLC 
parameters for dsDNA and ssDNA and the hairpin base-pairing energies.  These were 
obtained from the measured 10 nearest-neighbor150,151 and 1 loop free energies, and from 
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correction factors to account for the effect of monovalent ions119.  To account for divalent 
ions in our buffers, we used the empirical formula152 
€ 
[Mon+ ] = [Tris+ ]+ [Na+ ]+ β [Mg2+ ]  to 
estimate an “effective” ionic concentration.  We allowed β to be a fitting parameter, with 
β ~ 8 achieving the best global fit to the FECs for all four hairpin sequences (Figure 
A.9B – E).   
Based on these base pairing free energies, we calculated the probability that the 
hairpin fork opens, Popen(F, m) (Figure A.11 & Chapter 2), at each fork position m along 
the hairpin sequence given the force F.  We followed the same approach as Johnson et 
al.24 calculating the free energy of opening base pair No. 1 to base pair No. n-1 from 
€ 
ΔGtot n( ) = ΔGbp i( ) − 2 n −1( ) x $ F ( )d $ F 
0
F
∫
i=n
lss
∑ , the sum of No. n to No. lss base-pairing energies 
and the energy of stretching 2(n-1) released nucleotides at force F(x(F) is the extension of 
one ssDNA nucleotide).  lss is the sum of hairpin stem length (89-bp) and loop length (2-
bp), so lss = 89+2 = 91 (Appendix A).  All modeling was performed on custom Matlab 
software (R2010a, MathWorks, Inc.). 
It is very useful to define the relationship between Popen(F, m) and hairpin position 
m (Figure A.10).  In Figure A.10, a XPD helicase unwound 7 base pairs, and stays at 
hairpin position 7 in which m = 7.  What is Popen(F, 7)?  Popen(F, 7) is the probability of 
hairpin fork opening at hairpin position 7.  In this case, there are many possibilities: (1) 
open nothing; (2) open 1 or more base pairs: (2.1) only one base pair opens: base pair No. 
8 opening; (2.2) two base pairs open: base pair No. 8 & 9 opening; … 
So,  
€ 
Popen F,7( ) =
Popen something
Popen nothing + Popen something
      (1) 
A formula Pn(n) is used to describe each of these probabilities: 
€ 
Pn n( )=
exp −ΔGtot n( )/kBT( )
exp −ΔGtot n( )/kBT( )
n
∑
       (2) 
Where Pn(n) means the probability to open base pair No. 1 to No. n-1.  So in Figure 
A.10, Pn(8) represents case (1) – open nothing, which is the probability to open base pair 
No. 1 to 7.  Following the similar idea, Pn(9) represents case (2.1), and Pn(10) represents 
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case (2.2), …, and so on.  Then “Pn(9) + Pn(10) + … + Pn(91)” represents case (2) – 
open something. 
 Now equation (1) can be rewritten as: 
€ 
Popen F,7( ) =
Pn 9( ) + Pn 10( ) + ...+ Pn 91( )
Pn 8( ) + Pn 9( ) + Pn 10( ) + ...+ Pn 91( )
     (3) 
 In this equation (3), if index n is used, then the hairpin position should be n-1.  
Using equation (3), we can calculate Popen(F, m) versus hairpin position at the different 
forces (1, 3, 6, 9, 12, 15, 18 pN) for different sequences (Figure A.11 & Table A.2). 
 Popen measures the probability that one or more base pairs downstream of the ss-
dsDNA junction open spontaneously due to thermal fluctuations.  This quantity is 
calculated from the free energies of breaking each base pair, determined from the 10 
nearest-neighbor model values measured recently by Huguet et al.119.  As a result, Popen 
depends on the sequence of ALL downstream base pairs, with appropriate statistical 
weights.  Thus, it is dangerous to draw conclusions based only on visually comparing the 
AT-GC make-up of the hairpin and Popen at each hairpin position, because downstream 
base pairs also contribute.  We can show that in Figure A.12, for all hairpin sequences 
used in this study, Popen correlates very well with the AT% (over the appropriately sized 
window).  In Figure A.12, AT% was calculated over a window of 10 bp at each hairpin 
position (for position i, the value corresponded to the AT% over base pairs i to i+9).  
While other studies have used AT% to quantify the effect of sequence, we feel Popen is a 
better parameter because it relates directly to the manner by which the helicase relies on 
thermal fraying of the duplex ahead.  Furthermore, Popen can be compared directly to the 
model of Betterton and Jülicher23. 
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A.3  Figures and Tables 
 
Figure A.1 DNA hairpin substrate (DNAHairpin_10T_0T, not to scale).  Our 
construct is modular, consisting of three separate fragments that are ligated together after 
synthesis and purification: “Handle Right” (HR), “Hairpin” (HP), and “Handle Left” 
(HL).  HR and HL serve as linkers between the microspheres to HP, spatially separating 
them.  HR is synthesized from a 1.5-kb PCR-amplified section of the pBR322 plasmid 
(New England Biolabs) using a 5’ digoxigenin-modified forward primer and a reverse 
primer containing one abasic site.  The abasic site leaves a (29+M)-nt 5’ overhang upon 
PCR amplification (a technique called “Auto-sticky PCR”111) that ligates to a 
complementary sequence in the 89-bp HP.  M is the total nucleotides (nts) of an ssDNA 
on HR, and M can be 0, 3, 6, 10, and 19 nts in this project (M = 0 in the figure).  HL is 
also PCR-amplified from a different section of the same plasmid using a 5’ biotin-
modified primer and cut to 1,550-bp length, leaving a 5’ overhang that ligates to the other 
end of the HP sequence.  The full construct thus consists of a DNA hairpin (89-bp) 
flanked by one N-nt poly-dT ssDNA helicase loading site on the left side (N can be 0, 3, 6, 
10, 15, 19, and 38, and N = 10 in this figure), one M-nt poly-dT ssDNA on the right side, 
one 1,500-bp dsDNA (HR), and another 1,550-bp dsDNA (HL) functionalized handles.  
HL attaches to streptavidin-coated beads (0.79 µm) with 5’-end biotin (BIO), and HR 
attaches to Anti-digoxigenin-coated beads (0.86 µm) with 5’-end digoxigenin (DIG).  
The DNA strand with 5’ tail (helicase loading site) called translocating strand, and the 
strand with 3’ tail called displaced strand. 
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Figure A.2 DNA hairpin with 4 different stem sequences.  Schematic representation of 
the DNA hairpin stem sequences (Table A.2).  
 
 139 
 
 
Figure A.3 PCR products of HR and HL in the first step.  (A) HL construct in the first 
step.  It is a 2,175-bp dsDNA with a 5’ BIO.  (B) HR construct in the first step.  It is a 
1,500-bp dsDNA with a 48-nt overhang at a 5’ end and a digoxigenin (DIG) label at the 
other 5’ end.  (C) The agarose gel result of AS-PCR for HR and normal PCR for HL.  
Each PCR reaction was 50 µL (Phusion™ High-Fidelity PCR Master Mix with HF 
Buffer (Fisher F-531S)).  We need to run two PCR reactions for HL and HR.  Lane 2 – 4 
was used to test each PCR reaction.  The gel is 1% agarose gel (ReadyAgarose Gels, 
BIO-RAD, #161-3010).  The first lane is 1-kbp DNA Ladder (Promega, G571A).  The 
gel sample in lane 1 included 5 µL DNA Ladder, 3 µL nuclease-free water (IDT), and 2 
µL loading dye (Nucleic Acid Sample Loading Buffer, 5×, Bio-Rad 161-0767).  The 2nd 
and 3rd lanes were HL PCR results after the first step.  The gel sample in lane 2 & 3 was 
0.5 µL HL sample, 7.5 µL nuclease-free water (IDT), and 2 µL loading dye.  The 4th and 
5th lanes were HR AS-PCR results.  The gel sample in lane 4 & 5 were 0.5 µL AS-PCR 
sample, 7.5 µL nuclease-free water (IDT), and 2 µL loading dye. 
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Figure A.4 PspGI digestion for HL and purification.  (A) The construct of HL PCR 
product after the first step.  It is a 2,175-bp dsDNA with a 5’ BIO.  (B) The result of 
PspGI digestion.  The 1,550-bp dsDNA with a 5-nt overhang part is the final version of 
HL.  (C) The commercial 1% agarose gel result.  The first lane was 1kb DNA Ladder 
(Promega, G571A).  The gel sample in the first lane included 5 µL DNA Ladder, 3 µL 
nuclease-free water (IDT), and 2 µL loading dye (Nucleic Acid Sample Loading Buffer, 
5×, Bio-Rad 161-0767).  The second lane was the sample (the final volume was 32 µL) 
after PspGI digestion and QIAquick PCR purification kit (QIAGEN #28104).  The gel 
sample used in Lane 2 was 1 µL sample, 7 µL nuclease-free water (IDT), and 2 µL 
loading dye.  Lane 3 & 4 was the final HL sample after the QIAquick gel extraction kit 
(#28704, QIAGEN).  The gel sample used in Lane 3 was 0.5 µL sample, 7.5 µL 
nuclease-free water (IDT), and 2 µL loading dye.  The gel sample used in Lane 4 is 1 µL 
sample, 7 µL nuclease-free water (IDT), and 2 µL loading dye. 
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Figure A.5 Final versions of HL and HR by using gel extraction kit.  (A) The final 
version of HL: a 1,550-bp dsDNA with a 5-nt overhang. (B) The final version of HR: a 
1,500-bp dsDNA with a 48-nt overhang at a 5’ end and a digoxigenin (DIG) label at the 
other 5’ end.  (C) The commercial 1% agarose gel result.  The first lane was 1kb DNA 
Ladder (Promega, G571A).  The gel sample in lane 1 included 5 µL DNA Ladder, 3 µL 
nuclease-free water (IDT), and 2 µL loading dye (Nucleic Acid Sample Loading Buffer, 
5×, Bio-Rad 161-0767).  Lane 2 & 3 was the final HL sample after the QIAquick gel 
extraction kit (#28704, QIAGEN).  The gel sample used in Lane 2 was 0.5 µL sample, 
7.5 µL nuclease-free water (IDT), and 2 µL loading dye.  The gel sample used in Lane 3 
is 1 µL sample, 7 µL nuclease-free water (IDT), and 2 µL loading dye.  Lane 4 & 5 was 
the final HR sample after the QIAquick gel extraction kit (#28704, QIAGEN).  The gel 
sample used in Lane 4 was 0.5 µL sample, 7.5 µL nuclease-free water (IDT), and 2 µL 
loading dye.  The gel sample used in Lane 5 was 1 µL sample, 7 µL nuclease-free water 
(IDT), and 2 µL loading dye. 
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Figure A.6 Commercial 1% agarose gel result of the final ligation of hairpin and 
control experiments.  The first lane was 1-kbp DNA Ladder (Promega, G571A), and 5 
µL DNA ladder was used.  There are two different ligation protocols.  The first ligation 
protocol (L-16) is incubating the sample at 16 oC for 12 hours and then inactiving the T4 
ligase at 65 oC for 20 minutes.  The second (L-RT) is incubating the sample at room 
temperature for 30 minutes and then inactiving the T4 ligase at 65 oC for 20 minutes.  
Lane 2 is [HL]:[HP]:[HR] = 1:1:1 (L-16); Lane 2 is [HL]:[HP]:[HR] = 1:1:1 (L-16); Lane 
3 is [HL]:[HP]:[HR] = 1:0:0 (L-16); Lane 4 is [HL]:[HP]:[HR] = 1:1:0 (L-16); Lane 5 is 
[HL]:[HP]:[HR] = 0:0:1 (L-16); Lane 6 is [HL]:[HP]:[HR] = 1:1:0 (L-16); Lane 8 is 
[HL]:[HP]:[HR] = 1:1:1 (L-RT); Lane 9 is [HL]:[HP]:[HR] = 1:0:1 (L-RT); Lane 10 is 
[HL]:[HP]:[HR] = 1:0:0 (L-RT); Lane 11 is [HL]:[HP]:[HR] = 1:1:0 (L-RT). 
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Figure A.7 Properties of the DNA substrate (Sequence 1).  (A) Representative force-
extension curve (FEC) of the DNA construct from multiple tethers (purple) to single 
tether (blue).  (B) Representative force-extension curve (FEC) of the DNA construct 
(gray, 2500 Hz).  A molecule was mechanically unfolded (red, filtered to 100 Hz) and 
relaxed (green, filtered to 100 Hz) two times at a rate of 80.8 nm/s.  The dashed lines 
(orange) represent fits to the FEC of the folded and unfolded states using the Worm-like 
Chain model148 (WLC; Methods).  (C) Histogram of the fits to the length of the unfolded 
hairpin (5-nt bin): LssDNA_exp = 181.0 ± 8.9 nt (N = 701, mean ± s.d.) in excellent 
agreement with the expected 2x89+4 = 182 bp. (D) Histogram of the transition force 
(0.5-pN bin) in (B), defined as the maximum force in the unfolding transition.  The 
average transition force was 16.7 ± 0.6 pN (N = 701, mean ± s.d.). 
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Figure A.8 Force extension curve vs. pulling speed (Sequence 1).  Single tether was 
pulled with different pulling speed: (A) red, 81 nm/s; (B) blue, 161.6 nm/s; (C) green, 
404 nm/s; (D) orange, 808 nm/s. 
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Figure A.9 Properties of the DNA substrates.  (A) Schematic of the four hairpin 
sequences 1, 2, 3, and 5 tested, with G-C pairs depicted with red-orange pairs and A-T 
pairs with dark green-green pairs.  (B – E) Representative force-extension curves of each 
hairpin sequence (sequences 1, 2, 3, 5 are red, green, purple, and orange respectively).  
The data were collected at a rate of 2500 Hz, stretching the molecule at a speed of 80.8 
nm/s.  Solid lines (black) represent fits to the FEC using the approach detailed in the 
work done by Huguet et al.119 (Chapter 2).  Included in the fitting model were the 
Worm-like Chain parameters26,64,99,110,149,153-161 for the elastic behavior of the DNA 
handles and the nearest-neighbor base-pairing energies119,149,154 for modeling the hairpin 
unfolding transition (Chapter 2).  A global set of parameters was used to fit all four 
sequences.  (F – I)  Control experiments for naked DNA hairpin in force feedback  
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Figure A.9 (continue) 
 
experiments.  For sequence 1–3, 12 pN was used; for sequence 5, 9 and 16 pN was tested.  
The results show that all of these forces could not break DNA hairpin stems.  For 
sequence 5, 9 pN could not break the first 29-AT region, and 16 pN could not break the 
second 29-GC region.  (F – I) are histogram of extension changes for all of these control 
experiments.  Each time trace is around 5 minutes.  (F) Sequence 1 at 12 pN, N = 19, 
noise = 0.4-bp; (G) Sequence 2 at 12 pN, N = 5, noise = 0.4-bp; (H) Sequence 3 at 12 pN, 
N = 6, noise  = 0.6-bp; (I) Sequence 5 at 9 pN, N = 6, noise  = 0.9-bp; sequence 5 at 16 
pN, N = 6, noise  = 0.5-bp.  The raw data was filtered to 100 Hz. 
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Figure A.10 Definition of Popen(F, m).  Popen(F, m)24 is the hairpin fork junction 
probability at hairpin position m under a force F. 
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Figure A.11 Popen(F, m) vs. hairpin position.  (A – D) for sequence 1, 2, 3, and 5 (Table 
A.2), Popen(F, m) vs. hairpin position under 1 (blue), 3 (orange), 6 (blue), 9 (purple), 12 
(red), 15 (green), and 18 pN (black) forces. 
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Figure A.12 Correlation between AT% and Popen.  AT% vs. Popen for sequence 1 (red), 
2 (green), 3 (orange), and 5 (purple) (Table A.2).  AT% was calculated over a window of 
10 bp at each hairpin position (for position i, the value corresponded to the AT% over 
base pairs i to i+9).  Popen values were calculated for each hairpin position (Figure A.10 
& 11; Appendix A.2.2), as described in the text.  Correlation coefficients are 0.50, 0.54, 
0.64, and 0.97 for sequence 1, 2, 3, and 5, respectively. 
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Oligonucleotides Sequence (5’ – 3’) 
HRv7_FWDdsp_ZQ_5phosphate_19 /5Phos/TTG AAA TAC CGA CCG CTC AGC TAT CAG CC – T 
TTT TTT TTT TTT TTT TTT – /idSp/ – CTC TGA CAC ATG CAG 
CTC CC 
HRv8_FWDdsp_ZQ_5phosphate_0T /5Phos/TTG AAA TAC CGA CCG CTC AGC TAT CAG CC – /idSp/ 
– CTC TGA CAC ATG CAG CTC CC 
HRv9_FWDdsp_ZQ_5phosphate_10T /5Phos/TTG AAA TAC CGA CCG CTC AGC TAT CAG CC – T 
TTT TTT TTT – /idSp/ – CTC TGA CAC ATG CAG CTC CC 
HRv10_FWDdsp_ZQ_5phosphate_3T /5Phos/TTG AAA TAC CGA CCG CTC AGC TAT CAG CC – TTT 
– /idSp/ – CTC TGA CAC ATG CAG CTC CC 
HRv11_FWDdsp_ZQ_5phosphate_6T /5Phos/TTG AAA TAC CGA CCG CTC AGC TAT CAG CC – TTT 
TTT – /idSp/ – CTC TGA CAC ATG CAG CTC CC 
HRv12_FWDdsp_ZQ_5phosphate_0T_Opsite /5Phos/CC AGG GCG TTA GTT ATC TGA TCG CTG ATT 
/idSp/CT CTG ACA CAT GCA GCT CCC 
HRv13_FWDdsp_ZQ_5phosphate_0T_Seq3 /5Phos/ TC GAT GCA TTA GTT ATA TTA TCG ATG ATT 
/idSp/CT CTG ACA CAT GCA GCT CCC 
HRv14_FWDdsp_ZQ_5pho_0T_Seq4 /5Phos/GGG CGG CGG GCG GGC GGG CGG GCG GGC GG – 
/idSp/ – CTC TGA CAC ATG CAG CTC CC 
HRv15_FWDdsp_ZQ_5pho_0T_Seq5 /5Phos/T TTA TTT ATT TTA TTT ATT TAT TTA TTA A – /idSp/ – 
CTC TGA CAC ATG CAG CTC CC 
HRv17_FWDdsp_ZQ_5pho_19T_Seq5 /5Phos/T TTA TTT ATT TTA TTT ATT TAT TTA TTA A – TTT 
TTT TTT TTT TTT TTT T – /idSp/ – CTC TGA CAC ATG CAG 
CTC CC 
REV_3400bp_5DIG_ZQ 
/5DigN/ CAA CAA CGT TGC GCA AAC T 
HLv7_FWD5Biosg_ZQ /5Biosg/ TGA AGT GGT GGC CTA ACT ACG 
HLv7_REV_ZQ TTG CAT GAT AAA GAA GAC AGT CAT 
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Hairpinv7_Mine_ZQ_19T 
(Sequence 1) 
/5Phos/CCT GG – T TTT TTT TTT TTT TTT TTT – GGC TGA TAG 
CTG AGC GGT CGG TAT TTC AA – A AGT CAA CGT ACT GAT 
CAC GCT GGA TCC TAG AGT CAA CGT ACT GAT CAC GCT 
GGA TCC TAT TTT TAG GAT CCA GCG TGA TCA GTA CGT 
TGA CTC TAG GATCCA GCG TGA TCA GTA CGT TGA CTT 
Hairpinv9_Mine_ZQ_38T 
(Sequence 1) 
/5Phos/CCT GG – TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT 
TTT TTT TT – GGC TGA TAG CTG AGC GGT CGG TAT TTC AA 
– A AGT CAA CGT ACT GAT CAC GCT GGA TCC TAG AGT 
CAA CGT ACT GAT CAC GCT GGA TCC TAT TTT TAG GAT 
CCA GCG TGA TCA GTA CGT TGA CTC TAG GATCCA GCG 
TGA TCA GTA CGT TGA CTT 
Hairpinv10_Mine_ZQ_10T 
(Sequence 1, 48986301) 
/5Phos/CCT GG – T TTT TTT TTT – GGC TGA TAG CTG AGC 
GGT CGG TAT TTC AA – A AGT CAA CGT ACT GAT CAC GCT 
GGA TCC TAG AGT CAA CGT ACT GAT CAC GCT GGA TCC 
TAT TTT TAG GAT CCA GCG TGA TCA GTA CGT TGA CTC 
TAG GATCCA GCG TGA TCA GTA CGT TGA CTT 
Hairpinv11_Mine_ZQ_0T 
(Sequence 1) 
/5Phos/CCT GG – GGC TGA TAG CTG AGC GGT CGG TAT TTC 
AA – A AGT CAA CGT ACT GAT CAC GCT GGA TCC TAG AGT 
CAA CGT ACT GAT CAC GCT GGA TCC TAT TTT TAG GAT 
CCA GCG TGA TCA GTA CGT TGA CTC TAG GATCCA GCG 
TGA TCA GTA CGT TGA CTT 
Hairpinv12_Mine_ZQ_3T 
(Sequence 1) 
/5Phos/CCT GG – TTT – GGC TGA TAG CTG AGC GGT CGG 
TAT TTC AA – A AGT CAA CGT ACT GAT CAC GCT GGA TCC 
TAG AGT CAA CGT ACT GAT CAC GCT GGA TCC TAT TTT 
TAG GAT CCA GCG TGA TCA GTA CGT TGA CTC TAG 
GATCCA GCG TGA TCA GTA CGT TGA CTT  
Hairpinv23_ZQ_6T_Seq1 
(Sequence 1) 
/5Phos/CCT GG –TTT TTT – GGC TGA TAG CTG AGC GGT CGG 
TAT TTC AA – A AGT CAA CGT ACT GAT CAC GCT GGA TCC 
TAG AGT CAA CGT ACT GAT CAC GCT GGA TCC TAT TTT 
TAG GAT CCA GCG TGA TCA GTA CGT TGA CTC TAG 
GATCCA GCG TGA TCA GTA CGT TGA CTT  
Hairpinv22_ZQ_15T_Seq1 /5Phos/CCT GG – TTT TTT TTT TTT TTT – GGC TGA TAG CTG 
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(Sequence 1) AGC GGT CGG TAT TTC AA – A AGT CAA CGT ACT GAT CAC 
GCT GGA TCC TAG AGT CAA CGT ACT GAT CAC GCT GGA 
TCC TAT TTT TAG GAT CCA GCG TGA TCA GTA CGT TGA 
CTC TAG GATCCA GCG TGA TCA GTA CGT TGA CTT  
Hairpinv13_Mine_ZQ_10T_Opsite 
(Sequence 2) 
/5Phos/CC TGG – TTT TTT TTT T – AA TCA GCG ATC AGA 
TAA CTA ACG CCC TGG GGA CTG GTA CGT CAG CTG TAT 
CAA GCT TCG AGA CTG GTA CGT CAG CTG TAT CAA GCT 
TCG TTT TCG AAG CTT GAT ACA GCT GAC GTA CCA GTC 
TCG AAG CTT GAT ACA GCT GAC GTA CCA GTC C 
Hairpinv14_Mine_ZQ_10T_Seq3 
(Sequence 3) 
/5Phos/CC TGG – TTT TTT TTT T – AAT CAT CGA TAA TAT 
AAC TAA TGC ATC GAA AAT CAG TGA AAA TCA GCT ACA 
ACG CCC TGG GGA CTG GTA CGT CAG CTG TAT CAA GCT 
TA – TTTT – TA AGC TTG ATA CAG CTG ACG TAC CAG TCC 
CCA GGG CGT TGT AGC TGA TTT TCA CTG ATT T 
HPv17_ZQ_10T_Seq4 
(Sequence 4), fail 
/5Phos/CCT GG – TTT TTT TTT T – CCG CCC GCC CGC CCG 
CCC GCC CGC CGC CC – A ATT ATT TAT TTA TTT ATT TTA 
TTT ATT TTA ATT ATT TAT TTA TTT ATT TTA TTT ATT TT – 
TTTT – AAA ATA AAT AAA ATA AAT AAA TAA ATA ATT 
AAA ATA AAT AAA ATA AAT AAA TAA ATA ATT 
HPv20_ZQ_10T_Seq5 
(Sequence 5) 
/5Phos/CCT GG – TTT TTT TTT T – T TAA TAA ATA AAT AAA 
TAA AAT AAA TAA A  – GGG CGG CGG GCG GGC GGG CGG 
GCG GGC GG – AT TAA TAA ATA AAT AAA TAA AAT AAA 
TAA AA – TTTT – TT TTA TTT ATT TTA TTT ATT TAT TTA 
TTA AT – CC GCC CGC CCG CCC GCC CGC CCG CCG CCC 
HPv21_ZQ_15T_Seq5 
(Sequence 5) /5Phos/CCT GG – TTT TTT TTT TTT TTT – T TAA TAA ATA 
AAT AAA TAA AAT AAA TAA A  – GGG CGG CGG GCG GGC 
GGG CGG GCG GGC GG – AT TAA TAA ATA AAT AAA TAA 
AAT AAA TAA AA – TTTT – TT TTA TTT ATT TTA TTT ATT 
TAT TTA TTA AT – CC GCC CGC CCG CCC GCC CGC CCG 
CCG CCC 
HPv24_ZQ_38T_Seq5 
(Sequence 5) /5Phos/CCT GG – TTT TTT TTT TTT TTT TTT T TTT TTT TTT 
TTT TTT TTT T – T TAA TAA ATA AAT AAA TAA AAT AAA 
TAA A  – GGG CGG CGG GCG GGC GGG CGG GCG GGC GG – 
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AT TAA TAA ATA AAT AAA TAA AAT AAA TAA AA – TTTT – 
TT TTA TTT ATT TTA TTT ATT TAT TTA TTA AT – CC GCC 
CGC CCG CCC GCC CGC CCG CCG CCC 
Table A.1 The oligonucleotides were used in this study. 
 
 
# Hairpin Stem Sequences Description 
1 GGC TGA TAG CTG AGC GGT CGG TAT TTC 
AAA AGT CAA CGT ACT GAT CAC GCT GGA 
TCC TAG AGT CAA CGT ACT GAT CAC GCT 
GGA TCC TA 
49% GC 
2 AAT CAG CGA TCA GAT AAC TAA CGC CCT 
GGG GAC TGG TAC GTC AGC TGT ATC AAG 
CTT CGA GAC TGG TAC GTC AGC TGT ATC 
AAG CTT CG 
51% GC 
3 AAT CAT CGA TAA TAT AAC TAA TGC ATC 
GAA AAT CAG TGA AAA TCA GCT ACA ACG 
CCC TGG GGA CTG GTA CGT CAG CTG TAT 
CAA GCT TA 
40% GC 
5 TTA ATA AAT AAA TAA ATA AAA TAA ATA 
AAG GGC GGC GGG CGG GCG GGC GGG CGG 
GCG GAT TAA TAA ATA AAT AAA TAA AAT 
AAA TAA AA 
First 29 bps: 0% GC 
Middle 29 bps: 100% GC 
Last 31 bps: 0% GC 
Table A.2 Summary of DNA Hairpin Sequences. 
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 Pss  
(nm) 
Sss  
(pN) 
hss  
(nm) 
ssDNA 
Model 
Pds  
(nm) 
Sds  
(pN) 
hds  
(nm) 
Polymer model 
[Mon+] 
dsDNA 
Model 
Reference 
Ours 1.0 1000 0.6  50 1000 0.34 0.3 M   
1 1.05  
(0.8 – 1.35) 
 0.43 ?    0.1 M  Tinland et al.155 
(Fluorescence recovery 
after photobleaching) 
from pBR322 
2.58 – 4.41  0.43    0.01 M  
4.94 – 8.44  0.43    0.001 M  
2 0.75 800 0.58 FJC 53  0.338 (0.15 M) WLC Smith et al.162 
Optical tweezers 
48521-bp ssλDNA 
3 9.1  0.37 WLC    ~ 0 M  Rechendorff et al.163 
AFM 
Circular ssDNA 
φ×174 (5386 bp) 
6.7  0.37    0.001 M  
4.6  0.37    0.01 M  
4 3.1  0.52 WLC    12 & 24  
Poly-dT 
0.18 - 0.3M 
 Mills et al.164 
dsDNA with ss gaps 
~ 7.8  0.32    12 & 24  
Poly-dA 
0.18 - 0.3M 
 
5 1.5  0.63 WLC    10 – 70  
poly-dT 
2 M 
 Murphy et al.149 
Fluorescence 
spectroscopy 
3  0.63    10 – 70  
poly-dT 
0.025 M 
 
6 1.4   WLC?    poly-dT 
0.1 M 
 Kuznetsov et al.153 
Equilibrium DNA 
hairpin melting profiles 
7 1.13  0.6 FJC    poly-dA 
0.5 M 
 Seol et al.154 
Optical tweezers 
1.71  0.6    poly-dC 
0.5 M 
 
8 1 – 1.5  0.58 – 0.67 WLC 53  0.338 > 0.2 M WLC Woodside et al.110 
Optical tweezers 
9 -- -- -- -- 53  0.34 0.15 M WLC 
Marko et al.157 
Hydrodynamics flow 
10 1  0.59 WLC 50 
(A-form) 
  0.58 M WLC Liphardt et al.156 
Optical tweezers 
RNA hairpin 
11 1.3   WLC 53   0.16 M WLC Rivetti et al.160 
SFM 
12 0.8  0.58 mFJC -- -- --  -- Dressinges et al.159 
Magnetic tweezers 
13 0.7   WLC? 53   0.3 M WLC Wuite et al.64 
Optical tweezers 
14 1.0  0.59 WLC 53   0.12 M WLC Dumount et al.26 
Optical tweezers 
60-bp RNA hairpin 
15 0.91 1593  WLC    Poly-U 0.5 M  Seol et al.161  
Optical tweezers 1.48 524     Poly-U 5 mM  
Table A.3 Persistence length of ssDNA from recent references. 
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Appendix B 
Protocols for Yann Chemla’s Lab 
Experiments 
 
 
 Appendix B was a summary of all of the protocols used for optical tweezers’ 
experiments. 
 
B.1  Laminar Flow Cell 
Laminar flow cells 112 (Figure B.1A, B, E and F) consisted of two microscope 
cover glasses (60 × 24 × 0.013 mm, Fisher Scientific) sandwiching a piece of melted 
parafilm (Nescofilm, Karlan).  Eight small holes (four on each side) were cut on the top 
cover glass by a laser engraver system (VLS2.30, Universal Laser Systems), to which 
four inlet and outlet tubes were connected.  Three channels were engraved into the 
parafilm.  The top and bottom channels (yellow and green in Figure B.1A; Orange in 
Figure B.1E) were used to flow in streptavidin and anti-DIG coated beads, respectively.  
Glass capillaries (OD = 100 ± 10 µm, ID = 25.0 ± 6.4 µm; Garner Glass Co.) through 
which beads could flow connected the top and bottom channels to the central channel, 
where the optical trap measurements were performed.  In the central channel, separate 
streams from two inlets (blue and red) merged at the tip of a “parafilm triangle”.  Since 
the flow was laminar, a sharp interface between streams was maintained.  A syringe 
pump (PHD 2000 Infusion, Harvard Apparatus) was used to control the flow of different 
buffers into the cell, at a rate of 100 µL/hr (v = 140 µm/s linear flow speed).  A trapped 
molecule could be displaced across the laminar flow interface by moving the flow cell 
relative to the traps with a motorized linear stage (Model ESP 300, Universal Motion 
Controller, Newport).  We estimate that the interface width, at a typical location in the 
cell and for a small molecule like ATP, was <0.3 mm (defined as the distance from 10% 
to 90% maximum concentration).  With a typical stage speed of 0.2 mm/s, solution 
exchange occurred within ~2 s. 
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 Good interface is very important for single-molecule helicase assay.  Figure B.1C 
and D show two different interfaces: (C), bad interface; (D), good interface.  To form a 
good interface, we need to test flow rate.  Here we tested two flow rates: 1200 µL/hr and 
100 µL/hr.  The conclusions are: 
(1) It took only 30 seconds for 1200 µL/hr case to form good interface, however, 100 
µL/hr case needs around 2 minutes to form good interface. 
(2) After good interface was formed, we turned off the pump.  Then we found for the 
case of 1200 µL/hr, the good interface could only keep around 30 seconds.  However, for 
100 µL/hr case, the good interface could keep more than 3 minutes. 
From this information, we chose 100 µL/hr to perform experiment.  When the 
pump was turned on, we waited 5 minutes to get good interface.  During the experiment, 
we need to turn off the pump to trap beads.  Finding and trapping beads averagely needs a 
minute, and during this time, the interface can keep good for 100 µL/hr case.  BTW, in 
for the flow rate of 100 µL/hr, the trapped bead could stay inside the trap, however, when 
the flow rate greater than 1000 µL/hr, the trapped bead would be pushed away from the 
trap.  That means we will lose the beads. 
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B.2  Agarose Gel 
Agarose gel was used for DNA checking and purification.  The agarose gel 
ordered from BIO-RAD (Mini ReadyAgarose Gel, TBE, with 1% Agarose with ethidium 
bromide, #161-3010) was used for DNA checking; Low-melting gel made by myself was 
used for DNA purification. 
When using the mini ReadyAgarose gel, load the sample with the loading dye 
(Nucleic Acid Sample Loading Buffer (5×, Bio-Rad 161-0767)) into the well of the gel 
(the total volume should be 10 µL) and add 0.5 × TBE buffer into the tank (Mini-Sub 
Cell GT Cell, Bio-Rad).  The buffer surface should be higher than the gel.  Using 80 – 
100 V from the power supply (PowerPac Basic Power Supply (Bio-Rad 164-5050)) to 
run the gel and it takes about 90 minutes to finish.  The DNA marker was 1kb DNA 
ladder (500 µL, 100 lanes, Promega, G571A).  UV lamp was used to check the bands.  
When the gel was ready, Kodak Image Station 4000mm (Taekjip Ha’s lab) was used to 
scan the gel and store the gel image.  The parameter setup was: Excitation filter selection 
was 535 nm.  Position was 3 that mean em 600 WA (filter).  Then we clicked the button 
of capture IS4000mm, chose the exposure time was 5 minutes, and clicked “expose” to 
start. 
The low-melting gel was used to purify DNA during the QIAquick Gel Extraction 
Kit (QIAGEN #28704).  The protocol of low-melting gel was obtained from Li Yi in 
Chemistry Department at University of Michigan).  Preparing the low-melting gel: low 
melting gel (1%) was made for DNA purification.  Dissolve 2.4 g agar (UltraPure™ Low 
Melting Point Agarose (Invitrogen 16520050)) into 240 mL 0.5 × TBE buffer.  This 
protocol was for preparing many gels.  If you only want to prepare one gel, using 0.3 5 g 
agar for 35 mL 0.5 × TBE buffer.  You should add the buffer first, and then add agar 
power because the power could not be dissolved easily otherwise.  Microwave would 
help to dissolve.  Stock it at room temperature for future use (for the 240 mL buffer case).  
Using the low-melting gel: microwave the gel bottle until dissolved, and then pour 35 mL 
hot gel solution into a 50 mL tube with 1 µL Ethidium Bromide (1% Solution/Molecular 
Biology, Fisher BioReagents (Fisher BP1302-10)) at the bottom.  Stir or mix was not 
needed.  Pour the mixture into the gel tray (seals on the sides) and insert the comb.  Cool 
at 4 oC for 1 hour.  When running the gel, use 0.5 × TBE buffer as running buffer. 
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B.3  Oligonucleotides 
The forward and backward primers used in PCR were designed by using 
OligoPerfect™ Designer on the website of Invitrogen.  All of the oligonucleotides were 
ordered from Integrated DNA technologies (IDT). 
When oligo was ready from IDT, the tube of oligo was vertexed a short time at 
room temperature to make sure all of the oligo stay at the bottom of the tube.  Normally, 
you could not see the oligonucleotides by eye.  IDTE (1×TE solution pH 7.5, IDT) was 
added to dissolve the oligo.  I like to give one day’s time for oligonucleotides dissolving 
into IDTE completely.  After one day, the absorbance at 260 nm was acquired, and the 
final concentration was the absorbance at 260 nm times the dilution factor and the density 
factor (ng/µL) at 260 nm.  The density factor (ng/µL) at 260 nm could be calculated: we 
use molecular weight (g/mol) to over extinction coefficient (L/mole/cm), and time 1000. 
The absorbance was measured by BioMate™ 3 (Thermo Electron Corporation).  The 
basic knowledge of the density factor could be found at the website of the Biotechnology 
Department at Madison Area Technical College in Madison, Wisconsin, USA 
(http://matcmadison.edu/biotech/resources/methods/labManual/unit_4/exercise_15.htm): 
if a sample containing pure double-stranded DNA had an absorbance of 1 at 260 nm, then 
it contained approximately 50 ng/µL of double-stranded DNA (dsDNA).  The density 
factor for dsDNA was 50 ng/µL.  If a sample containing pure single-stranded DNA 
(ssDNA) had an absorbance of 1 at 260 nm, then it contained approximately 33 ng/µL of 
DNA. The density factor for an ssDNA is 33 ng/µL.  If a sample containing pure RNA 
had an absorbance of 1 at 260 nm, then it contained approximately 40 ng/µL of RNA.  
The density factor for RNA was 40 ng/µL.  Recently, we can also use the Nanodrop in 
Taekjip Ha’s lab to measure the concentration of oligo easily. 
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B.4  Beads Preparation 
All of the optical trap experiments need anti-DIG beads and streptavidin beads, 
and the protocols are how to prepare and use these different beads. 
 
B.4.1   Anti-DIG Beads From Protein G Coated Dielectric Polystyrene Beads (Anti-
DIG Beads) 
Step 0.  Get 40 µL protein G dielectric polystyrene beads, and sonicate around 5 
seconds to get rid of beads aggregation. 
Step 1.  40 µL protein G dielectric polystyrene beads (Spherotech Inc., 1.0% 
(w/v), 0.86 µm) is diluted into 160 µL 1× Triethanolamine (TEA) Buffer (200 mM, pH 
8.2) with 0.01% Tween 20 (1 µL 10% Tween 20 + 999 µL 1× TEA (filtered)).  The total 
200 µL solution is centrifuged at 7500 rpm for 1 minute (Eppendorf centrifuge 5417R), 
then the supernatant is removed.  If we do not need prepare cross-linked anti-DIG beads, 
PBS buffer can take place of TEA. 
Step 2.  200 µL 1× TEA buffer with 0.01% Tween 20 is added and the pellet is 
resuspended for 10 – 30 second by vortexing (vortex mixer, Fisher Scientific).  The total 
200 µL solution is centrifuged at 7500 rpm for 1 minute (Eppendorf centrifuge 5417R), 
then the supernatant is removed (if we do not need prepare cross-linked anti-DIG beads, 
PBS buffer can take place of TEA). 
Step 3.  200 µL 1× TEA buffer with 0.01% Tween 20 is added and the pellet is 
resuspended for 10 – 30 second by vortexing (vortex mixer, Fisher Scientific).  The total 
200 µL solution is centrifuged at 7500 rpm for 1 minute (Eppendorf centrifuge 5417R), 
and then the supernatant is removed (if we do not need prepare cross-linked anti-DIG 
beads, PBS buffer can take place of TEA). 
Step 4.  200 µL 1× TEA buffer with 0.01% Tween 20 is added and the pellet is 
resuspended for 10 – 30 second by vortexing (vortex mixer, Fisher Scientific) (if we do 
not need prepare cross-linked anti-DIG beads, PBS buffer can take place of TEA). 
Step 5.  10 µL anti-DIG antibody (polyclonal antibody, immunoglobulin, Roche 
13550900) is added into the 200 µL solution and then the beads sample is shaked (middle 
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speed) for 30 min at room temperature on a vortex mixer (Or just add it into the rotator in 
Taekjip Ha’s lab). 
Step 6.  The solution from step 3 is centrifuged at 7500 rpm for 1 minute 
(Eppendorf centrifuge 5417R), and then the supernatant is removed.  
Step 7.  200 µL 1× Phosphate Buffered Saline (PBS) buffer with 0.01% Tween 20 
is added and the pellet is resuspended for 10 – 30 second by vortexing (vortex mixer, 
Fisher Scientific).  The total 200 µL solution is centrifuged at 7500 rpm for 1 minute 
(Eppendorf centrifuge 5417R), and then the supernatant is removed. 
Step 8.  200 µL 1× Phosphate Buffered Saline (PBS) buffer with 0.01% Tween 20 
is added and the pellet is resuspended for 10 – 30 second by vortexing (vortex mixer, 
Fisher Scientific).  The total 200 µL solution is centrifuged at 7500 rpm for 1 minute 
(Eppendorf centrifuge 5417R), and then the supernatant is removed. 
Step 9.  200 µL 1× Phosphate Buffered Saline (PBS) buffer with 0.01% Tween 20 
is added and the pellet is resuspended for 10 – 30 second by vortexing (vortex mixer, 
Fisher Scientific).  The total 200 µL solution is centrifuged at 7500 rpm for 1 minute 
(Eppendorf centrifuge 5417R), and then the supernatant is removed. 
Step 10.  200 µL 1× Phosphate Buffered Saline (PBS) buffer with 0.01% Tween 
20 is added and the pellet is resuspended for 10 – 30 second by vortexing (vortex mixer, 
Fisher Scientific).  The final solution was stored at 4 oC. 
 
B.4.2   Streptavidin Polystyrene Beads 
Step 0.  Get 40 µL streptavidin polystyrene beads, and sonicate around 5 seconds 
to get rid of beads aggregation. 
Step 1.  40 µL streptavidin polystyrene beads (Spherotech Inc., 1.0% (w/v), 0.79 
µm) is loaded into 160 µL 1× Phosphate Buffered Saline (PBS) buffer with 0.01% Tween 
20 (1 µL 10% Tween 20 + 999 µL 1× PBS (filtered)).  Vortex several seconds to mix 
well (vortex mixer, Fisher Scientific).  Then this 200 µL solution is centrifuged at 7500 
rpm for 1 minute (Eppendorf centrifuge 5417R).  The supernatant is removed.  
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Step 2.  200 µL 1× PBS buffer with 0.01% Tween 20 is added and the pellet is 
resuspended for 10 – 30 second by vortexing.  Then this 200 µL solution is centrifuged at 
7500 rpm for 1 minute (Eppendorf centrifuge 5417R).  The supernatant is removed. 
Step 3.  200 µL 1× PBS buffer with 0.01% Tween 20 is added and the pellet is 
resuspended for 10 – 30 second by vortexing.  Then this 200 µL solution is centrifuged at 
7500 rpm for 1 minute (Eppendorf centrifuge 5417R).  The supernatant is removed. 
Step 4.  200 µL 1× PBS buffer with 0.01% Tween 20 is added and the pellet is 
resuspended for 10 – 30 second by vortexing.  Then this 200 µL solution is centrifuged at 
7500 rpm for 1 minute (Eppendorf centrifuge 5417R).  The supernatant is removed. 
Step 5.  200 µL 1× PBS buffer with 0.01% Tween 20 is added and the pellet is 
resuspended for 10 – 30 second by vortexing.  The final solution is stored at 4 oC. 
 
B.4.3   Anti-DIG Beads From Streptavidin Polystyrene Beads 
Thank you for Vishal’s help for this protocol! 
Step 0.  Get 10 µL streptavidin polystyrene beads, and sonicate around 5 seconds 
to get rid of beads aggregation. 
Step 1.  10 µL streptavidin polystyrene beads (Spherotech Inc., 1.0% (w/v), 0.79 
µm) is loaded into 10 µL 1× Phosphate Buffered Saline (PBS) buffer with 0.01% Tween 
20 (1 µL 10% Tween 20 + 999 µL 1× PBS (filtered)).  Vortex several seconds to mix 
well (vortex mixer, Fisher Scientific).  Then this 20 µL solution is centrifuged at 7500 
rpm for 1 minute (Eppendorf centrifuge 5417R).  The supernatant is removed.  
Step 2.  20 µL 1× PBS buffer with 0.01% Tween 20 is added and the pellet is 
resuspended for 10 – 30 second by vortexing.  Then this 20 µL solution is centrifuged at 
7500 rpm for 1 minute (Eppendorf centrifuge 5417R).  The supernatant is removed. 
Step 3.  20 µL 1× PBS buffer with 0.01% Tween 20 is added and the pellet is 
resuspended for 10 – 30 second by vortexing.  Then this 20 µL solution is centrifuged at 
7500 rpm for 1 minute (Eppendorf centrifuge 5417R).  The supernatant is removed. 
Step 4.  20 µL 1× PBS buffer with 0.01% Tween 20 is added and the pellet is 
resuspended for 10 – 30 second by vortexing.  Then this 20 µL solution is centrifuged at 
7500 rpm for 1 minute (Eppendorf centrifuge 5417R).  The supernatant is removed. 
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Step 5.  20 µL 1× PBS buffer with 0.01% Tween 20 is added and the pellet is 
resuspended for 10 – 30 second by vortexing.  The final solution is stored at 4 oC. 
Step 6.  Using 10 µL streptavidin polystyrene beads, and added with 5 µL 1× PBS 
buffer with 0.01% Tween 20, and 5 µL protein G biotin conjugated (PG00-06, Rockland 
Immunochemicals Inc.).  Put this sample on the rotator in Taekjip Ha’s lab for 30 
minutes at room temperatures. 
Step 7.  Then this 20 µL solution is centrifuged at 8000 rpm for 3 minutes 
(Eppendorf centrifuge 5417R).  The supernatant is removed. 
Step 8.  20 µL 1× PBS buffer with 0.01% Tween 20 is added and the pellet is 
resuspended for 10 – 30 second by vortexing.  Then this 20 µL solution is centrifuged at 
8000 rpm for 1 minute (Eppendorf centrifuge 5417R).  The supernatant is removed. 
Step 9.  20 µL 1× PBS buffer with 0.01% Tween 20 is added and the pellet is 
resuspended for 10 – 30 second by vortexing.  Then this 20 µL solution is centrifuged at 
8000 rpm for 1 minute (Eppendorf centrifuge 5417R).  The supernatant is removed. 
Step 10.  20 µL 1× PBS buffer with 0.01% Tween 20 is added.  Then 4 µL anti-
DIG antibody (polyclonal antibody, immunoglobulin, Roche 13550900) is added into the 
20 µL solution.  Put this sample on the rotator in Taekjip Ha’s lab for 30 minutes at room 
temperatures. 
Step 11.  Then this 24 µL solution is centrifuged at 8000 rpm for 3 minutes 
(Eppendorf centrifuge 5417R).  The supernatant is removed. 
Step 12.  20 µL 1× PBS buffer with 0.01% Tween 20 is added and the pellet is 
resuspended for 10 – 30 second by vortexing.  Then this 20 µL solution is centrifuged at 
8000 rpm for 5 minute (Eppendorf centrifuge 5417R).  The supernatant is removed. 
Step 13.  20 µL 1× PBS buffer with 0.01% Tween 20 is added and the pellet is 
resuspended for 10 – 30 second by vortexing.  Then this 20 µL solution is centrifuged at 
8000 rpm for 5 minute (Eppendorf centrifuge 5417R).  The supernatant is removed. 
Step 14.  20 µL 1× PBS buffer with 0.01% Tween 20 is added and the pellet is 
resuspended for 10 – 30 second by vortexing.  The final solution is stored at 4 oC. 
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B.4.4   The Protocol How to Use the Beads 
Step 1.  The beads tube was vertexed for 10 second to make sure the beads mix 
well in the solution. 
Step 2.  The beads tube was sonicated (Branson 1510) for around 3 seconds to get 
rid of the aggregation (DO NOT beyond 10 seconds!). 
Step 3.  For streptavidin beads, 1 µL is used to incubate with 1.4 µL hairpin 
constructs for 60 minutes at room temperature.  After that, 0.6 µL is transferred to 250 
µL TS10 (Appendix B.7) for the trap experiments.  For anti-DIG beads, 0.6 µL is 
directly transferred to 400 µL TS10 (Appendix B.7) for the trap experiments.  For 
streptavidin anti-DIG beads, 2 µL is transferred to 400 µL TS10 (Appendix B.7) for the 
trap experiments. 
Step 4.  The final beads solution is stored at 4 oC. 
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B.5  The Protocol1 of Cy3 Labeling on RPA2 
This following section will introduce how to label Cy3 monoreactive NHS ester 
(GE Healthcare, PA13101) on RPA2.  This protocol came from Maria Spies’s lab1 
(Biochemistry Department, University of Iowa).  All of the numbers came from one real 
experiment. 
Step 1.  Change RPA2 buffer to Buffer L. 
The chemical reaction shows in Figure B.2D.  Using this reaction, Cy3 
monoreactive NHS ester (Figure B.2A) could react with amide group on the protein, for 
example, N-terminal.  However, there are two problems.  The first one was that Cy3 NHS 
ester could label more than one position on the protein if more than one amide group 
were found.  We would answer this question later.  The second was that Tris (Figure 
B.2C) had amide group, and could compete with protein during this chemical reaction.  
As RPA2 protein aliquots (~ 500 µM) was stored in Tris buffer, the first step was buffer 
exchange. 
(1) Dilute 5 µL RPA2 (~ 500 µM) into 45 µL working buffer L (50 mM 
K2HPO4/KH2PO4, pH 7.0, 100 mM NaCl, and 1 mM DTT, Appendix B.7).  Buffer L 
was potassium phosphate buffer (http://psiweb.unl.edu/cahoon/files/).  Then measure the 
concentration (1.5 µL RPA2 was used) by using Nanodrop (Taekjip Ha’s lab).  The 
extinction coefficient of RPA2 was ε280 = 21,890 M-1cm-1.  Absolution A280 = 1.195.  
Then we knew the concentration after dilution was: 
A280
ε280.1cm
=
1.195
21890 = 54.6µM  
Then we knew the original concentration of RPA2 was 546 µM. 
(2) Load 48.5 µL RPA2 buffer into P6 desalting column (Bio-Rad, Bio-Spin 6) 
with buffer L.   
The instruction of P6 desalting column: 1. Spin at 1000 g for 1 minute one time to 
get rid of storage buffer inside the column.  2. Add 500 µL buffer L, and spin at 1000 g 
for 1 minute.  Repeat this step three times.  3. Add 500 µL buffer L, and spin at 1000 g 
for 2 minutes.  4. Change the new tube to collect the final sample.  5. Load 48.5 µL 
sample into P6 column, and wait for 2 minutes at room temperature.  6. Spin at 1000 g 
for 4 minutes. 
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Then measure the concentration.  Absolution A280 = 0.859. 
A280
ε280.1cm
=
0.859
21890 = 39.2µM  
The yield of P6 desalting column was 39.2/54.6 = 71.9%. 
 
Step 2.  Incubate with Cy3. The mole ratio of [Cy3]:[RPA2] = 10:1 
Cy3 mono NHS ester (PA13101, GE Healthcare) was diluted with DMSO and 
then aliquot to 2 µL with 13.06 mM.  Then stored into -80 oC freezer. 
RPA2: 39.2µM × 52µL1000 = 2.0nmole  
Cy3: 13.06×1000µM × mµL1000 = 2.0nmole×10  
Then we could calculate m=1.6 µL.   
(3) We added 1.6 µL Cy3 into 52 µL RPA2 buffer in buffer L. Then the sample 
was wrapped in foil and incubated at room temperature for 30 minutes. 
 
 Step 3.  Terminate the reaction by adding 50 mM Tris-HCl (pH 7.5). 
 Tris buffer (1M, pH 7.5) was ordered from Fisher scientific directly. 
(52+1.6+ a)×50mM = a×1000mM  
Then we could calculate a=2.8 µL.   
(4) We added 2.8 µL Tris-HCl (1M, pH 7.5) into Cy3 and RPA2 buffer to get 
final 50 mM Tris concentration.  Then the sample was wrapped in foil and incubated at 4 
oC for 12 hours. 
 
Step 4.  Separate Cy3-RPA2 from free Cy3. 
 (5) Use P6 spin column two times to get rid of free Cy3 (Figure B.3A).  Then 
measure the final concentration at 280 nm and 552 nm (Figure B.3B).   
The final concentration ratio was 1.3:1.  RPA2 concentration was 21.2 µM.   
We also tested the different molar ratio of [Cy3]:[RPA2]: 8:1, 1.3:1; 10:1, 1.3:1; 
15:1, 2.0:1.  So the optimized condition is 8:1. 
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Step 5.  Aliquot and store the final product. 
(6) 10% of glycerol was added, and then aliquots.   
The final concentration was 19.1 µM.  SDS-PAGE was used to check the protein 
bands (Figure B.4). 
 
 
B.6  ATP Preparation 
The protocol follows Sambrook & Russell165. 0.011 g ATP (Sigma A3377-1G, 
551.14 g/mol) powder was dissolved into 0.5 mL ATP buffer (100 mM Tris-HCl (pH 7.6) 
and 20 mM NaCl).  Then the buffer was filtered by a centrifugal filter (Millipore 
UFC30GV0S) at 11,000 rpm for 1 minute.  It was aliquoted with 20 µL each (25 tubes) 
and stored in – 20 oC.  The final concentration was 40 mM. 
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B.7  Buffer Preparation 
We used several different buffers and solutions in all of my projects: 
(1) TS10 (Appendix B.4) 
TS10 is 10 mM Tris-HCl (pH 7.6) and 10 mM NaCl. This buffer is used to dilute 
Anti-DIG beads and streptavidin beads with DNA substrates 1000 times, and then store 
these beads sample for trap experiments. 
 
(2) TS200 (Appendix B.9) 
TS200 is used for XPD dilution.  TS200 is 50 mM Tris-HCl (pH 7.6), 200 mM 
NaCl, and 2 mM DTT. 
 
(3) TMS20 (working buffer) 
TMS20 is 100 mM Tris-HCl (pH 7.6), 20 mM NaCl, 2mM DTT, 3 mM MgCl2, 
and 0.1 mg/mL BSA with oxygen scavenging system.  TMS20 is the working buffer for 
trap experiments.  100 mM Tris was used is because of Oxygen scavenging system 
(Appendix B.8). 
 
(4) ATP buffer for ATP preparation (Appendix B.6). 
ATP buffer is 100 mM Tris-HCl (pH 7.6) and 20 mM NaCl. 
 
(5) Buffer T50 for Oxygen scavenging system (Appendix B.8) 
Buffer T50 is 10 mM Tris-HCl (pH 7.6) and 50 mM NaCl. 
 
(6) PBS buffer for beads preparation buffer (Appendix B.4) 
1X Phosphate Buffered Saline (PBS Buffer) Recipe (thelabrat.com): 
1. Dissolve the following in 800 mL distilled H2O. 
▪ 8g of NaCl 
▪ 0.2g of KCl 
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▪ 1.44g of Na2HPO4 
▪ 0.24g of KH2PO4  
2. Adjust pH to 7.4. 
3. Adjust volume to 1L with additional distilled H2O. 
Sterilize by autoclaving 
 
(7) TBE buffer for agarose gel (Appendix B.2) 
The protocol of 1L 5 × TBE buffer (TBE or Tris/Borate/EDTA, is a buffer 
solution containing a mixture of Tris base, boric acid and EDTA): 
1. 53.9 g Tris Base (0.89 M), (Fisher BP152-1, FW 121.14) 
2. 27.5 g Boric Acid (0.89 M), (EMDTM BX0865-1, FW 61.83) 
3. 3.7 g Ethylenediamine Tethraacetic Acid, Disodium Salt Dihydrate (EDTA) (0.02 
M), (Fisher BP120-500, FW 372.23) 
After dissolve well, filter it by using 0.2 µm filter. 
 
(8) IDTE Buffer for Oligonucleotides preparation (Appendix B.3) 
IDTE is 1×TE solution pH 7.5 from IDT. TE solution is 1 mM Tris-HCl (pH 7.5) 
and 0.1 mM EDTA. 
 
(9) Chamber clean buffer (Appendix B.10) 
Chamber clean buffer is 0.1% sodium azide. Add 0.4 g sodium azide into 400 mL 
distilled water. 
 
(10) 20% Glucose for Oxygen scavenging system (Appendix B.8) 
Add 2g Glucose (Fisher, D16-500) into 10 mL distilled water. 
 
(11) Working Buffer L (Appendix B.5) 
 169 
 
Working buffer L is 50 mM K2HPO4/KH2PO4, pH 7.0, 100 mM NaCl, and 1 mM 
DTT.  Buffer L was potassium phosphate buffer (http://psiweb.unl.edu/cahoon/files/).  
Working buffer L was used for the Cy3 labeling protocol. 
 
(12) Trolox Buffer (Appendix B.5) 
This buffer was used for the fleezers experiments.  This protocol was based on 
Taekjip Ha’s lab recipe. 
1. Add 8.5 mL of MilliQ water and 50 µL 1M NaOH (raise pH to dissolve trolox) 
to 10 mL conical tube. 
2. Add 8 mg white trolox powder tube (some add 10 mg, near saturated). 
3. Wrap tube in foil and rotate (LabQuake) in Taekjip Ha’s lab (room 
temperature) for around one hour to dissolve. 
4. Add 1 mL 1M Tris-HCl (The final concentration is 100 mM) 
5. Add 0.2 mL 1M NaCl (The final concentration is 20 mM) 
6. Add 0.015 mL 2M MgCl2 (The final concentration is 3 mM) 
7. Add 0.031g DTT powder (The final concentration is 2 mM) 
8. Add a little MilliQ to get final 10 mL 
9. Filtered and wrap the tube in foil (light sensitive). Stored in 4 oC. 
 
(13) 1M NaOH Buffer (Appendix B.8.2) 
Add 10g NaOH particles into 250 mL water, then filtered.  The final 
concentration is 1 M. 
 
(14) 1M Tris-HCl (pH 7.5) 
As the pH is hard to adjust, we ordered directly the Tris buffer from Fisher 
Scientific Company LLC.  The buffer is 1 M and pH 7.5 (#BP1757-500, 500 mL, $49.93).  
This buffer is used for many different places for my projects. 
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B.8  Oxygen Scavenging System 
B.8.1   Gloxy 
The oxygen scavenging system166-169 used here is the glucose oxidase-catalase 
(GODCAT).  The protocol was adopted from Paul Selvin’s lab at UIUC physics 
department, and updated by Taejin Min from Yann Chemla’s lab at UIUC physics 
department. 
Materials were: (1) Glucose Oxidase (Sigma G2133-50KU or EMD4Biosciences 
345386-10kU); (2) Catalase (Sigma C40-100MG or EMD4Biosciences 219001-5MU); (3) 
Buffer T50 (filtered): 10mM Tris-HCl (pH 7.6) and 50mM NaCl; (4) Centrifugal filters 
(Millipore UFC30GV0S); (5) Liquid nitrogen (for flash freezing). 
The procedure is: (1) Measure 4 mg Sigma catalase (black color) or 1.3 mg EMD 
catalase in the weighing paper, and then transfer into an empty 1.5 mL Eppendorf tube.  
Measure 20 mg sigma glucose oxidase (yellow color) or 8 mg EMD glucose oxidase in 
the weighing paper, and then transfer into the same 1.5 mL Eppendorf tube.  Add 200 µL 
Buffer T50 to this tube, and dissolve the enzymes well in the buffer by pressing the 
pipette many times.  (2) Centrifuge the solution at 11,000 rpm for 5 minutes, and then 
throw away the pellet.  Centrifuge the supernatant at 11,000 rpm for another 5 minutes, 
and then throw away the pellet again.  (3) Centrifuge the supernatant at 11,000 rpm for 1 
minutes two times by using the centrifugal filters (Millipore UFC30GV0S).  (4) Flash 
freeze the solution in liquid nitrogen (several seconds) and then store the solution in small 
aliquots (4 µL) at –20 oC.  
Finally, resazurin167 is used to check GODCAT by monitoring the color changes 
from blue to pink (Figure B.5).  Two samples were prepared: (i) Add 978 µL TMS20 
(Appendix B.7), 20 µL Glucose (20%), 1 µL Gloxy, and 1 µL Resazurin together; (ii) 
Add 979 µL TMS20, 20 µL Glucose (20%) and 1 µL Resazurin.  If GODCAT works, 
sample 1 will show a light blue color at the beginning, and after 30 minutes, the color 
will change to pink.  Sample 2 should keep light blue color forever as control. 
Two points needs to be careful: (1) when GODCAT is used, 0.4% glucose needed 
to be added because glucose oxidase requires glucose (0.4%) as a substrate.  (2) As 
gluconic acid is a byproduct, it causes pH to drop if medium is not well-buffered.  This is 
the reason why 100 mM Tris-HCl was chosen instead of 10 mM Tris-HCl.  
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B.8.2   PCA & PCD 
This protocol came from Sukrit, thanks! 
 
1. PCA (Final stock concentration 50 mg/mL, pH 7.4) 
1) Add 5 mL MilliQ water into a 50 mL tube 
2) Add 5.1 mL 1M NaOH (Appendix B.7) 
3) Weigh 750 mg PCA powder (Sigma-Aldrich # 37580, 3,4-Dihydroxybenzoic acid 
(Synonym: Protocatechuic acid)), add into the 50 mL tube, and mix well 
It is not easy to dissolve well, and also the color changed to a little bit red. 
4) Add around 4.9 mL MilliQ water to get final 15 mL 
5) Aliquot to 1.5 mL (10 tubes), and store at -20 oC 
6) For each 1.5 mL aliquot, aliquot to 150 µL (10 tubes).  Store at -20 oC. 
7) During the experiment, get a 150 µL aliquot.  It will be filtered by a centrifugal 
filter (Millipore UFC30GV0S), then aliquoted to 35 µL (4 tubes).  Store at 4 oC 
for short time use.   
8) For 400 µL sample solution, 16 µL PCA and 4 µL PCD will be used.  Use 4 µL 
PCA for every 1 µL PCD.  Use 1 µL in 100 µL experiment/imaging buffer. 
 
2. PCD (Final stock concentration 5 µM) 
1) Mix 2.5 mL 100% Glycerol with 2.5 mL 100 mM Tris-HCl, 10 mM NaCl buffer 
2) Filter the mixture with 0.22 µm syringe-filter 
3) Use all of the 9 mg PCD powder (Sigma Aldrich # P8279-25UN, Protocatechuate 
3,4-Dioxygenase from Pseudomonas sp., MW 700 kDa).  Add 2.57 mL glycerol-
buffer mixture to get 5 µM PCD stock. 
4) Make appropriate aliquot, and store in -20 oC. 
5) For 400 µL sample solution, 16 µL PCA and 4 µL PCD will be used.  Use 4 µL 
PCA for every 1 µL PCD.  Use 1 µL in 100 µL experiment/imaging buffer. 
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B.9  Protein Dilution 
The original XPD concentration from Maria Spies’s Lab is 240 µM.  Lower 
concentration is needed for single molecule experiment.  Here is the standard protocol for 
protein dilution: mix 50 µL glycerol (100%), 49 µL TS200, and 1 µL XPD (240 µM) 
together. Glycerol is too viscous to get.  Vortex the glycerol for a while.  Cut the top of 
the pipette tip, and it will be easier to get 50 µL glycerol.  Then 49 µL TMS20 buffer is 
added. Using pipette to suck forward and backward many times to make sure glycerol 
can mix well with TMS20.  Then add 1 µL XPD into this solution (When get 1 µL XPD 
from the XPD aliquot, mix it for a while to make sure that glycerol inside the XPD buffer 
will mix well), then using pipette to suck forward and backward many times to make sure 
glycerol can mix well with TS200.  Aliquot to 10 µL, and then store in the – 20 oC. 
For my case, it does not work well.  So I will not use glycerol during the dilution.  
Add 1 µL XPD (240 µM), 1 µL BSA (10 mg/mL) into 98 µL TS200 (Appendix B.7).  
The final concentration is 2.4 µM.  The final glycerol concentration is 5% and this should 
be fine if we keep it at 4 oC for a week.  However, it can not be stored at – 20 oC without 
50% glycerol.  As NaCl is important for keeping the protein properly folded, we use 200 
mM NaCl.  But in helicase assay, the concentration of NaCl is kept low because NaCl 
inhibits binding between the helicase and DNA.  As 20 mM NaCl in helicase assay 
appears to work just fine, and that is why we use TMS20 as working buffer and store 
XPD sample with TS200 (Appendix B.7). 
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B.10  Chamber Clean 
0.1% (1% == 1g / 100mL) Sodium Azide (Appendix B.7) was used to wash the 
chamber after the optical traps experiments finish.  This solution can help to kill the 
bacteria in the chamber and tubing.  Those bacteria maybe comes from the oxygen 
scavenging system because 0.4% glucose is used. 
Recently, Matt introduced a new method to clean and dry the chamber by using 
N2 gas.  Please see Figure B.6.  Routine experiments show that this is a powerful method 
and can increase the chamber lifetime for several months. 
 
 
B.11  Low Binding Tube and BSA/HSA 
Low binding tubes (Dot Scientific, RN2000-GNB) have to be used for low 
concentration sample, like nM level XPD.   
Bovine Serum Albumin (BSA, NEB B9001S, 10 mg/mL) was used with low 
binding tube, and the final BSA concentration is 0.1 mg/mL.  The problem of BSA was 
that it could introduce a lot of junks, so we used HSA (Human Serum Albumin protein # 
ab7473, Abcam Inc.) to take place. 
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B.12  PEG-Coated Trapping Chamber 
PEG scheme adapted from Taekjip Ha’s lab and chamber making scheme adapted 
from Yann Chemla’s lab by Dr. Matt Comstock, Spring 2012. 
 
Step 1. Prepare clean coverslips 
(1) Wipe coverslips with acetone + kimwipe (get rid of any ‘big’ junk, dust etc…). 
(2) Load coverslips into plastic coverslip washing holder and place into glass staining 
dish. 
(3) Cover with acetone and sonicate for 30 m (in Yann Chemla’s lab).  We can clean 
aminosilane flask while waiting (step III-1). 
(4) Rinse with DI water 3x. 
(5) Cover with 3 M KOH and sonicate for 20 m (do this and the rest in Taekjip Ha’s 
lab). 
(6) Rinse with DI water 5x. 
(7) Rinse with MeOH 2x. 
(8) Dry with N2 gas (leave in coverslip holder and dry them all at once, use gas in 
Taekjip Ha’s lab by PEG benches). 
 
Notes: (1) Coverslips sometimes break during processing: clean 3 each with/without 
holes.  (2) Transfer coverslips to/from coverslip washing holder with clean tweezers 
(wipe tweezers with acetone before use).  (3) Coverslips stay in holder during all steps 
after loading.  (4) KOH and methanol waste goes into Taekjip Ha’s lab waste cans.  (4) 
KOH can be found on Dr. Matt Comstock’s bench or the Taekjip Ha’s lab PEG station 
bench.  At least 3 M KOH should be used on the coverglass surface (1 M is not 
sufficient).  3 M KOH can be obtained by adding 300 mL 8M KOH and 500 mL DI water. 
 
Step 2. Chambers making 
(1) Make trapping chambers just as you usually would (melted Nescofilm sandwich).  
KOH treated coverglass seems to make even better sealed chambers than those 
just washed in acetone or alcohol. 
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Notes: Warning!  Be careful to lay nescofilm (and second coverslip) onto coverslip the 
right way the 1st time!  Nescofilm leaves a ‘film’ when it touches the glass and 
presumably will dirty the coverglass. 
 
Step 3. Coat chamber channels in amino silane in situ 
(1) Make fresh tubing for loading amino silane into chamber.  Make tubing for 
insertion short -- ~1” long only (reduce chance of some bad reaction or junk 
contamination from PE tubing). 
(2) Clean a 250 mL Erlenmeyer flask for amino silane (Taekjip Ha’s lab). 
a. Sonicate flask in 1 M KOH for 10 m (DO NOT cover with parafilm – can 
be attacked by KOH and fall into flask). 
b. Rinse with DI water. 
c. Sonicate flask with MeOH for 20 m. 
d. Rinse with MeOH. 
e. Dry with N2 gas. 
f. Cover with parafilm. 
(3) Fill flask with: (Taekjip Ha’s lab): 100 mL MeOH + 5 mL acetic acid + 1 mL 
aminopropyl silane.  Use a glass pipette tip attached to a plastic one (sealed with 
parafilm) with dispense the amino silane. 
(4) Fill chamber with MQ water first and make sure there are no bubbles in tubing or 
chamber. 
(5) Fill chamber with amino silane mixture using 1 mL plastic syringes.  Flow ~1 mL 
into all channels.  Push a few 100 µL at a time into each channel.  Make sure 
there are no bubbles and that the entire chamber is filled. 
(6) Incubate on the bench top for 10 m. 
(7) Repeat filling of chamber with fresh syringes of amino silane mixture (substitutes 
for usual sonication step for Taekjip Ha’s lab PEG protocol). 
(8) Incubate for 10 m. 
(9) Rinse chamber with ~1 mL per channel MeOH (1 mL plastic syringes). 
(10) Rinse chamber with a few mL MQ (10 mL plastic syringes with 0.2 um 
filters). 
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Step 4. Coat chamber channels in PEG in situ 
(1) Make PEG buffer: 10 mL MQ water, and 84 mg NaHCO3 (Taekjip Ha’s lab above 
scales).  
(2) Make PEG mixture.  Need ~200 µL per channel.  To coat 4 input channels (usual 
flow chamber): 400 µL PEG buffer and 100 mg mPEG.  Mix in a 2 mL tube (may 
take a bit of flicking) and then centrifuge 1 m @ 10 krpm (to pellet any remaining 
undissolved PEG).  This is a very high concentration of PEG (expensive, should 
try to reduce). 
(3) Fill chamber with PEG mixture, 200 µL per channel (similar to adding amino 
silane to chamber).  This is using a lot of PEG, so be very careful not to waste it 
(load it carefully, bit by bit, no bubbles!). 
(4) After filling, insert syringe needles into exit tubing and cap to seal chamber.  This 
prevents evaporation of solution during the long incubation, which would lead to 
bubbles in the chamber and inconsistent PEG coating.  If the needles are inserted 
before, you need too much pressure to flow in PEG mixture (risk damaging 
chamber).  Caps attach to the luer lock needle. 
(5) Incubate chamber in a closed drawer for 4 h (dark). 
(6) Wash with a few mL MQ water. 
(7) Dry channels with N2 and store chamber in the refrigerator. 
 
Step 5. Chamber 
(1) Chamber may not perform its best on the first or second trial.  May need more 
rinsing and there may be a bit of initial protein sticking.  Tubing also has some 
initial sticking.  PEEK tubing works well for the protein channel – not clear how 
much better than the usual PE tubing. 
(2) Chamber should be rinsed well with MQ (few mL), dried well with N2 (~10 min 
flow at ~10 psi), and stored in the refrigerator after use. 
(3) It seems that chambers can last for multiple weeks (remain clean and continue to 
passivate chamber surfaces). 
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B.13  Figures 
 
Figure B.1 Laminar flow cell design.  (A) Photograph of a typical experimental flow 
cell of 4-hole chamber.  The flow cell consisted of two microscope cover glasses 
sandwiching one piece of patterned parafilm.  Eight small inlet holes on the top cover 
glass (four on each side) allowed different buffers to be streamed in through tubing 
mounted into the chamber bracket.  In this photograph, food dye of different colors was 
flowed into the cell at a rate of 100 µL/hr to illustrate the four streams.  The two inner 
streams (red and blue) merge into a central channel at a point near the center of the flow 
cell.  Due to the laminar flow, a sharp interface is maintained between the two streams.  
(B) Corresponding schematic of the experimental flow cell.  The top channel (yellow)  
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Figure B.1 (continue) 
 
was loaded with streptavidin beads with attached DNA substrate.  The bottom channel 
(green) was loaded with anti-DIG beads.  The two types of beads diffused into the central 
channel via thin glass capillaries inserted into the parafilm, where they could be trapped 
and manipulated.  In a typical measurement of single-XPD helicase activity, the top 
stream (blue) contained ATP while the bottom stream (red) contained protein.  (C and D) 
Interface in laminar flow cell.  (C) Bad interface.  (D) Good interface.  It takes only 30 
seconds for 1200 µL/hr case to form good interface, however, 100 µL/hr case needs 
around 2 minutes to form good interface.  After good interface was formed, we turned off 
the pump.  Then we found for the case of 1200 µL/hr, the good interface can only keep 
around 30 seconds.  However, for 100 µL/hr case, the good interface can keep more than 
3 minutes.  (E) Photograph of a typical experimental flow cell of 5-hole chamber.  (F) 
Corresponding schematic of the experimental flow cell. 
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Figure B.2 Chemistry of Cy3 labeling protocol.  (A) The structure of Cy3 
monoreactive NHS ester (GE Healthcare).  (B) Cy3 excitation spectra (green solid line); 
Cy3 excitation spectra (green dashed line); Cy5 excitation spectra (red solid line); Cy5 
excitation spectra (red dashed line).  (C) The structure of tris (hydroxymethyl) 
aminomethane (Tris)170.  (D) The chemical reaction of NHS ester derivative with reactive 
amine171. 
 
Figure B.3 Results of Cy3 labeling protocol.  (A) Photograph of two spin columns in 
Step 4.  (B) The final Nanodrop result to calculate labeling efficiency. 
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Figure B.4 Image of SDS-PAGE of unlabeled FacRPA2 and Cy3 labeled FacRPA2.  
(A) Image of SDS-PAGE (4-20% Mini-PROTEIN TGX Precast Gel #456-1096, Bio-
Rad).  Samples were loaded as follows: lane 1, molecular mass marker (PINKstain 
protein ladder, Gold Biotechnology).  lane 2, unlabeled FacRPA2 (325 pmole, 6.5 µg).  
The molecular mass of FacRPA2 is around 20 kDa138.  lane 3, Cy3 labeled FacRPA2 (76 
pmole, 1.5 µg)1.  (B) Cy3 image of SDS-PAGE. 
 
 
Figure B.5 How Resazurin changes color.  When there is enough oxygen around, the 
color of resazurin is blue.  When the concentration of oxygen is decreased, resazurin will 
be reduced by losing an oxygen atom, and the color changes to pink.  This chemical 
reaction is irreversible.  Then the pink color resazurin can be reduced by obtaining the 
hydrogen atoms, and the color will change to colorless.  This chemical reaction is 
reversible. [This figure comes from Figure 1 in Guerin et al.167, with permission]. 
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Figure B.6 New chamber clean method.  (A) When experiment was finished, I loaded 
MilliQ water to all of the channels to take place of working buffer and beads buffer.  
Then all of the input tubings were connected into the big tube connecting with a Nitrogen 
tank.  (B) The picture of a nitrogen tank that connected the big tubing in (A). 
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Appendix C 
Methods for Data Analysis 
 
 
 Appendix C was a summary of all methods used for data analysis. 
 
C.1  Step Size Analysis 
Two step analysis methods were used: the pairwise distance distribution 
(PWD)10,26,65 and the step-fitting algorithm developed by Kersemakers et al.118.  In the 
first method, unwinding segments from bursts were selected and boxcar filtered to 25 Hz.  
The PWD from a selection of the best traces (Table 2.1) were averaged together for each 
ATP concentration (Figure 2.8B & D).  In the second method, the unwinding traces were 
filtered and decimated to 250 Hz, and run through the step-fitting algorithm.  Dwell times 
< 20 ms and step sizes < 0.4 bp (corresponding to the noise in extension; Figure 2.5F) 
were removed.  Backstep probabilities were calculated throughout using the Laplace 
estimator (nsuccess + 1)/(Ntrial + 2).  All data analysis was performed on custom Matlab 
software (R2010a, MathWorks, Inc.). 
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C.2  Modeling the Kinetics of XPD Unwinding 
We devised a simple, minimal kinetic model that can quantitatively describe the 
unwinding data.  Several essential features in the data must be captured: the model must 
provide a mechanism by which (i) the mean dwell time satisfies Michaelis-Menten-like 
kinetics (Figure 2.9F); (ii) the backstepping probability P_ increases as ATP is decreased, 
yet remains nonzero at saturating ATP (Figure 2.9E); (iii) large ( ~ 5-bp) backsteps are 
always followed by large forward steps (Figure 2.9D); and (iv) the probability of taking 
large backsteps exhibits a weak increase with increasing ATP concentration (Figure 
2.9E).  All of these criteria are satisfied by the kinetic scheme depicted in Figure 7.   
 
Criterion (i) requires that the mechanochemical cycle of the helicase contains a 
minimum of two kinetic steps: an ATP binding step, which becomes rate-limiting at low 
ATP concentrations, followed by an unwinding step, rate-limiting at saturating ATP 
concentrations.  The rate constants for these steps are kon (for the sake of generality we 
assume binding can be reversible, with a dissociation rate constant koff) and k+, 
respectively;  Criterion (ii) requires that there exist two competing pathways for 
backstepping.  In one, the motor can backstep from the nucleotide-free state with rate 0−k .  
As ATP concentration is decreased, the motor resides longer in this state, thus increasing 
the probability of backstepping.  In the second pathway, the ATP-bound motor may 
backstep with rate ∞−k .  This provides a mechanism by which the motor can backstep 
even as ATP concentration becomes saturating;  Criterion (iii) requires that the large 5-bp 
backsteps take the motor to an off-pathway state, in which return to the main 
mechanochemical cycle can only occur through a forward 5-bp step.  The dependence on 
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ATP from criterion (iv) is ensured by making entry into this off-pathway state occur from 
the nucleotide-bound state. 
Based on this scheme, we determined several relevant kinetic parameters to 
compare to our measurements.  In terms of the mean dwell time and backstepping 
probability P_, the average unwinding velocity is given by 
v = d P+ −P−
τ
 
where d = 1 bp is the step size and P+ = 1 – P_ is the forward stepping probability.  We 
defined forward and reverse rate constants kF and kR120 such that 
€ 
v = d kF − kR( )  
from which it follows that 
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Using a general approach for solving kinetic models172, we calculated the following 
kinetic parameters based on the proposed scheme: 
€ 
P− =
k−∞
k+
ATP[ ] + k−
0
kon
1+ koffk+
+
k−∞
k+
$ 
% 
& 
' 
( 
) 
ATP[ ] 1+ k−
∞
k+
$ 
% 
& 
' 
( 
) +
k−0
kon
1+ koffk+
+
k−∞
k+
$ 
% 
& 
' 
( 
) 
      (1) 
€ 
τ =
1
k+
1+ k−5k+5
$ 
% 
& 
' 
( 
) ATP[ ] + 1kon
1+ koffk+
+
k−∞
k+
$ 
% 
& 
' 
( 
) 
ATP[ ] 1+ k−
∞
k+
$ 
% 
& 
' 
( 
) +
k−0
kon
1+ koffk+
+
k−∞
k+
$ 
% 
& 
' 
( 
) 
     (2) 
€ 
kF =
ATP[ ]
1
k+
1+ k−5k+5
# 
$ 
% 
& 
' 
( ATP[ ] + 1kon
1+ koffk+
+
k−∞
k+
# 
$ 
% 
& 
' 
( 
     (3) 
and 
€ 
kR =
k−∞
k+
ATP[ ] + k−
0
kon
1+ koffk+
+
k−∞
k+
$ 
% 
& 
' 
( 
) 
1
k+
1+ k−5k+5
$ 
% 
& 
' 
( 
) ATP[ ] + 1kon
1+ koffk+
+
k−∞
k+
$ 
% 
& 
' 
( 
) 
     (4) 
Several limits in Eqs. (1) – (4) are illuminating.  For simplicity we consider that 
there are no 5-bp backsteps, k-5 = 0.  At saturating ATP, kF = k+, the forward stepping rate, 
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and ∞−= kkR , the backstepping rate, and the backstepping probability is given by the 
kinetic competition between the two.  When backstepping from the nucleotide-free state 
is removed ( 0−k  = 0), P_ is constant, independent of ATP.  When backstepping from the 
ATP-bound state is removed ( ∞−k  = 0), P_ depends inversely on ATP and approaches 
zero as ATP becomes large.  When both backstepping rates ∞−k  and 
€ 
k−0  are set to zero, the 
dwell time τ = 1/kF reduces to a sum of the inverses of the forward stepping rate constant 
k+ and an “effective” ATP binding rate constant 
€ 
koneff = kon ATP[ ]/ 1+
koff
k+
⎛ 
⎝ 
⎜ 
⎞ 
⎠ 
⎟ .  The same 
approach can also be used to determine the large backstep probability: 
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C.3  Modeling the Sequence Dependence of XPD Unwinding 
In Eqs. (1) – (4), the dependence on DNA sequence has not been made explicit.  
In general, we expect the forward stepping rate k+ and potentially both backstepping rates 
∞
−k  and 0−k  to depend on the energy of hairpin opening and the interaction between the 
helicase and hairpin fork.  (In contrast, we do not expect purely chemical steps such as 
ATP binding and dissociation to display such a dependence).  To model this effect, we 
used the theoretical approach developed by Betterton and Jülicher23.  There are many 
ways to formulate an interaction between helicase and fork.  In the simplest 
implementation (called the “one-step potential”), the helicase destabilizes the base pair at 
the hairpin fork by the interaction energy Uint.  A second parameter, f, which ranges from 
0 to 1, determines whether this interaction accelerates the rate of hairpin opening (the 
limit 0→f ), decreases that of hairpin closing (
€ 
f → 1), or both (0 < f < 1). 
In the limit that the hairpin opening and closing rates are much faster than the 
rates of helicase stepping or backstepping (which we expect to hold to a very good 
approximation22,23), one can show that the forward and backward stepping rates are given 
by 
€ 
k± = g± Popen , f ,Uint( )k±trans        (6) 
where 
€ 
k±trans  are the forward and backward rates for translocation on ssDNA (i.e. the rates 
in the absence of a duplex to unwind) , respectively.  The factors g± quantify the effect of 
the helicase-fork interaction and the native duplex stability on the stepping rate; Popen is 
the probability the fork opens given the base-pairing energy and the destabilizing effect 
of tension24,119 (Figure A.10 & 11; Appendix A.2.2).  Betterton and Jülicher show that, 
in this simple interaction model, these factors are given by 
€ 
g+ =
Popen 1− e− fU int / kBT( ) + e− fU int / kBT
Popen 1− e−U int / kBT( ) + e−U int / kBT
Popen       (7) 
€ 
g− =
Popen 1− e− fU int / kBT( ) + e− fU int / kBT
Popen 1− e−U int / kBT( ) + e−U int / kBT
      (8) 
where kB is the Boltzmann constant, and T is the absolute temperature. 
Several limits in Eqs. (6) – (8) are illuminating. In the limit that Uint = 0, g+ = 
Popen.  The helicase can only step forward when the hairpin fork spontaneously opens by 
 187 
 
thermal fluctuation; as a result, unwinding is considered “strictly passive”22-24,121.  In the 
limit that f = 0 and Uint is very large (>> 1 kBT), g+ = 1.  The helicase accelerates the rate 
of fork opening to such an extent that unwinding is limited only by its translocation rate 
€ 
k+trans  on ssDNA; here unwinding is referred to as “optimally active”24.  The intermediate 
regime is most relevant to our work.  When f > 0 and Uint is reasonably large, the 
denominators in g± are approximately equal to Popen, and g+ takes the form g+ ≈ x + (1 – 
x)Popen, valid for 
€ 
Popen > 1/ eU int / kBT +1( ) .  Thus, the forward stepping rate varies linearly with 
Popen, but the linear trend intercepts at a nonzero value of 
€ 
x ≈ e− fU int / kBT  as Popen is 
extrapolated to zero.  This is the behavior observed in Figure 2.13B, plotting k+ against 
Popen.  The non-zero intercept is a manifestation of the interaction between helicase and 
hairpin fork. 
A complete kinetic model combining Eqs. (1) – (8) was used to perform a global 
fit of the kinetic data obtained on XPD helicase (Figure 2.9E–F and Figure 2.13A–I).  
In the case of Figure 2.9E–F, in which dwell times and probabilities are plotted against 
ATP concentration, the plots do not include the effect of hairpin sequence.  Thus, we 
fitted these data to Eqs. (1) (2) & (5), averaging over the range of Popen accessed in the 
measurements.  For instance, in Figure 2.9E the backstepping probability was fit to 
€ 
P− = P− Popen( )ρ Popen( )∑  
where ρ(Popen) is the distribution of Popen in our measurements; this distribution was 
approximately Gaussian and ranged from 0.1 to 0.8.  Similar expressions were used for 
the other kinetic parameters.  We used χ2-minimization to determine the best global fit.   
The six relevant kinetic rate constants used to generate the fits in Figure 2.9E–F 
are listed in Table 2.2.  It should be noted that, despite the high number of fitting 
parameters, these were in fact over determined by the kinetic data.  Figure 2.9E–F plot 
four quantities—the probabilities for 1-bp and 5-bp backsteps, the dwell times for 1-bp 
steps and 5-bp backsteps—as a function of ATP.  If these quantities had been fitted 
individually, a minimum of seven independent kinetic parameters would have been 
required to capture their dependence on ATP (two for each quantity, minus one for the 5-
bp backstep dwell time which did not depend on ATP).  The same rate constants were 
used as the basis for modeling sequence dependence.  Only two additional parameters, f 
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and Uint, (listed in Table 2.2) are required to capture the dependence on Popen for the nine 
data sets plotted in Figure 2.13A–I. 
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C.4  Reduced Chi-Square  
 The reduced chi-square122 
€ 
χν
2: 
€ 
χν
2 =
s2
σ i
2          (1) 
where 
 
€ 
s2 = 1N −m −1 wi yi − y xi( )[ ]
2∑        (2) 
€ 
σ i
2 =
1
N
1
σ i
2∑
$ 
% 
& 
' 
( 
) 
−1
        (3) 
€ 
wi =
1/σ i2
1/N( ) 1/σ i2( )∑
        (4) 
 In equation (1) – (4), yi represents the experimental data with N data points, and 
each data point has a standard derivation (s.d.) or standard error (s.e.m.) σi.  y(xi) is the 
fitting function with m parameters.  
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